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In enabling small size light-weight portable devices and wireless electronics,
miniaturization of microelectronic components has become a very important
aspect for many modern technologies. As a fundamental electronic component,
inductor has been extensively used in various power electronics and wireless ap-
plications. The performances of these circuitries are greatly dependent on the
quality of the inductors, and the miniaturization and the integration of inductor
with electronic circuit are the key to realize the electronic products with high
performance, small size and light weight. Therefore, it has attracted worldwide
research interests to fabricate the high performance passive micro inductors,
especially magnetic film inductors. However, the available designs today have
limited inductance gain or small Q, which in turn leads to the demands of both
theoretical guidance in choosing efficient inductor design and the experimentally
verified optimizations on the various parameters. On the other hand, tunable
inductors have been shown promising because of their ability to optimize the
circuit performance. The discrete tunable inductors available today are often
tuned manually, and are large in size. Recent research efforts on miniature
tunable inductors still possess some limitations such as high fabrication cost,
non-continuous tunability, or high power consumption for inductance tuning.
ix
SUMMARY
The objective of this thesis is to propose, develop, model, parametrically study
and optimize the high efficiency, high quality, innovative ferromagnetic compos-
ite wire inductors, including non-tunable inductors and tunable inductors.
The research approach was proposed and implemented. The magnetic microwire
(NiFe/Cu) inductor, as a candidate miniature inductor with high efficiency,
has been proposed, modeled, fabricated, and characterized in an applied mag-
netic field environment. With the advantages of high quality factor and low
power consumption, novel electrically tunable magnetic inductors based on mi-
cro NiFe/Cu composite wires, whose tuning effect is achieved by modulating
the permeability of the soft magnetic layer in a magnetic film inductor, have
been proposed, developed, tested and analyzed. A theoretical model for the
working mechanism of the tunable magnetic inductor was also developed. The
effect of magnetic layer thickness, as one of the most important geometric pa-
rameters of ferromagnetic composite wire, on the magnetic properties of the
microwires and the performance of the tunable magnetic inductors based on
such composite wires, has been thoroughly investigated. To optimize the tun-
ability and quality factor of the tunable magnetic inductor, the effect of current
density and the effect of an applied longitudinal magnetic field in the electrode-
position of the magnetic layer on the performance of tunable magnetic inductor
have been studied. The thermal stability of ferromagnetic composite wire based
tunable inductors has also been studied. Moreover, micro NiFe/insulation/Cu
composite wires have been developed and the effect of insulation layer on mag-
x
SUMMARY
netic properties, impedance, inductance and quality factor of tunable inductors
based on NiFe/insulation/Cu composite wire has been investigated.
The innovative ferromagnetic composite wire inductors have been successfully
proposed, developed, modeled, parametrically studied thoroughly and opti-
mized. The study has revealed that the applied magnetic field may have signifi-
cant influence on the inductance, resistance and quality factor of ferromagnetic
composite wire inductors, depending on the frequency of the inductor, and the
result also suggests that a proper applied bias magnetic field can largely min-
imized the effect of external magnetic field on such magnetic inductors. The
developed tunable magnetic inductor, whose inductance can be tuned by vary-
ing the DC control current, showed a low DC current/power consumption for
continuous inductance tuning. A relative variation of inductance ∆L/L0, up to
18% at low frequency (around 5 MHz), was achieved by applying a bias current
of magnitude up to 15 mA, and the quality factor varied from 5 to 17 in the
measured frequency range. The design of the tunable inductor has the poten-
tial to be realized with MEMS technology and integrated with the CMOS IC
process. The results of this thesis also show the magnetic film layer thickness
of the composite wire affects the composition, uniformity, and grain size of the
deposited material, making the coercivity in a dynamic constant state as the
thickness varies. There is a critical thickness for the magnetic film, below which
the effect of a weak bias magnetic field on the L is significant and is propor-
tional to the coating layer thickness tm, and above which the effect of a weak
xi
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bias magnetic field on the L is insignificant and is inversely proportional to the
coating layer thickness, tm. For the optimization of the tunable magnetic in-
ductor, it has been found that for the amplitude of the plating current, there
is a trade-off between maximum inductance tunability and maximum quality,
which suggests that the plating current optimization should target for specific
application. It has also been found that in the electrodeposition process with
a longitudinal magnetic field applied, the variation of quality factor follows
the change of Fe% in the Ni-Fe layer, and the longitudinal field amplifies such
change due to the effect of uniformity improvement of the plated layer. An
averaged 23% increase of quality factor was observed for specimens fabricated
with 143 Oe imposed field, and inductance tunability was significantly higher
than previously reported results. For the investigation of the thermal stability
of the studied inductors, it has been shown that when the temperature was
higher than the recrystallization temperature, the degradation of the magnetic
properties and inductance tunability was more pronounced, due to a decrease
in permeability that was attributed to grain growth and inter-diffusion between
the copper core and NiFe shell, despite the effect of stress relief by thermal
annealing. The study of NiFe/insulation/Cu composite wire has shown that
the implementation of the insulation layer could lead the distinctive magnetic
properties, magneto-impedance effects, inductance values and quality factors in
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Portable devices such as mobile phones, personal digital assistants (PDA), and
laptop computers became pervasive over the past decades. In recent years,
portable devices and consumer electronics tend to be increasingly smaller in size
and lighter in weight. Especially for today’s wireless communication systems
and personal medical devices, there is a growing trend towards miniaturized and
ultra-portable products, which bring a lot of convenience in people’s everyday
lives.
In enabling small size light-weight products, miniaturization of microelectronic
components has become a very important aspect for many modern technologies.
In addition, the consumer market has placed strict constrains on the microelec-
tronic components and subsystems for low cost, low power and high volume
production. In response to these requirements, an integrated system is one of
the most promising solutions.
In the last few decades, complementary metal-oxide-semiconductor (CMOS)
technology has dominated microelectronics fabrication for integrated circuits
(ICs). The minimum feature size has continued to decrease with increasing
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integration density as predicted by semiconductor roadmaps, as described by
Moore’s Law. However, many passive components, microsensors and microac-
tuators, and biological function modules do not scale down with Moore’s Law,
and these components or modules may not be compatible with standard CMOS
process or the performances of these on-chip components far lag behind their off-
chip counterparts. In many of these cases, non-CMOS solutions are employed.
It becomes increasingly important to integrated CMOS and non-CMOS based
technologies into a single package, or system-in-package (SiP), which is char-
acterized by any combination of more than one active electronic component of
different functionality plus optionally passives and other devices like microelec-
tromechanical system (MEMS) or optical components assembled preferred into
a single standard package that provides multiple functions associated with a
system or sub-system.
In either on-chip integration or system-in-package solution, the high quality
passive elements such as capacitor, inductor and resistor remain critical to the
system performance for many applications. In wireless communication systems,
the performance of many radio frequency (RF) and analog/mixed signal (AMS)
circuits are mainly determined by the performance of passive elements.
1.1 Research motivations
The fundamental electronic component least compatible with silicon integration
is the inductor, which is a device capable of producing a voltage in response to a
2
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changing current. The changing current produces a time-varying magnetic field
which induces an electromotive force (emf) that acts to oppose this change in
current.
Inductors have been extensively used in various power electronics and wire-
less applications, such as voltage regulation, DC-DC converter, power harmonic
filtering, inverter current wave shaping in power applications [1], and voltage-
controlled oscillators (VCO), low-noise amplifiers (LNA), filters, matching net-
works in wireless applications. The performances of these circuitries are greatly
dependent on the quality of the inductors, and the miniaturization and the in-
tegration of inductor with electronic circuit are the key to realize the electronic
products with high performance, small size and light weight. Especially, mi-
cro DC-DC converters constructed by magnetic thin film micro inductor will
be extensively applied in all kinds of portable electronic products. With the
development of VLSI (Very Large Scale Integrated circuit), system integration,
and high density of surface mounted PCB (Printed Circuit Board) component,
there has been a great demand for micro inductor in the market of power appli-
cations and communication systems with an emphasis on RF and mixed-signal
ICs, and system on chip (SoC) applications.
For these reasons, it has attracted great attentions for researchers all over the
world to fabricate the high performance passive micro inductors.
The miniature inductors of particular interest are magnetic film inductors. Some
progress has been made in the past in fabricating planar inductors based on
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magnetic films (discussed in detail in Chapter 2, Section 2.4.3, page 45), which,
however, did not result in favorable characteristics of high efficient inductors.
Either poor design or lossy magnetic materials made the gain in inductance and
Q unacceptably small. This, in turn, leads to the demands of both theoretical
guidance in choosing efficient inductor design and the experimentally verified
optimization on the various geometrical and other parameters. Design consid-
erations in many cases substantially limit the range of magnetic materials that
can be used in a practical device, thus the materials’ development efforts can
be closely focused.
Besides the coveted miniaturization, the tunability of the passive components is
highly desirable in many circuit applications such as impedance matching net-
works, LC -tanks, filters, and other RF circuitries, as it gives the circuit designer
the possibility to arrange for an adjustment to the optimum circuit operation
at all termination conditions [2]. In the development of RF circuits, there are
two types of tuning: wide range tuning for channeling on wireless communica-
tion equipment and narrow range tuning for precise impedance matching. In
both types of tuning, not only tunable capacitors but also tunable inductors
are required in order to realize a larger tuning range or more precise matching
[3]. In addition, tunable inductors can also improve the reliability of a system
by overcoming the tolerances introduced by manufacturing limitations. Recent
advancements in the area of power electronics have also resulted in a greater
demand for high quality tunable inductors [1].
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There have been many tunable capacitor implementations compatible with RF
integration process, while work on tunable inductors is leaping far behind, – few
reports have examined tunable inductors, or variable inductors.
In recent years, a few tunable inductors using MEMS technology [4, 5, 6], or
based on a planar solenoid with a ferromagnetic core [2], or employing active
inductors [7, 8], have been reported (detail discussion in Chapter 2, Section
2.4.4, page 57). However, the reported tunable inductors were still not satisfac-
tory due to either insufficient tuning range or limited quality factor or high DC
power consumption. Consequently, further research is required on tunable in-
ductors to address these limitations on tuning range, quality factor, and power
consumption.
1.2 Research objectives
The purpose of this thesis is to propose, develop, model, parametrically study
and optimize the high efficiency, high quality, innovative ferromagnetic compos-
ite wire inductors, including non-tunable inductors and tunable inductors. The
research topic is divided into the following main steps:
(i) Modeling and characterization of the magnetic inductor of com-
posite wire structure: to build the inductance model for ferromagnetic
composite wires, to investigate the magnetic inductor of composite wire
structure as a candidate of miniature inductor with high efficiency, and
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to characterized the performance of magnetic inductors of composite wire
structure in an external magnetic field environment.
(ii) Design, modeling, and fabrication of the tunable magnetic in-
ductors: to develop novel tunable inductors based on ferromagnetic wires
with low power consumption, to analyze the magnetic model of the tun-
able device, and to characterize the performance of the tunable magnetic
inductor in different frequency ranges.
(iii) Investigation of geometric parameter of composite wire for tun-
able magnetic inductors: to study the effect of one of the most impor-
tant geometric parameters of ferromagnetic composite wire, magnetic layer
thickness, on the magnetic properties of the wires and the performance of
the tunable magnetic inductors based on such composite wires.
(iv) Optimization of the performance of tunable inductors: to opti-
mize the tunability and quality factor of the tunable magnetic inductors
of composite wire structure, by investigating the effects of plating current
density, and applied longitudinal magnetic field in the electrodeposition
process of the magnetic layer, on the composite wire based tunable mag-
netic inductor.
(v) Study of thermal aspects of composite wires used in tunable in-
ductors: to investigate the thermal effects by annealing, on the magnetic
properties of ferromagnetic composite wires and inductance tunability and
quality factor of tunable magnetic inductors.
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(vi) Study of micro NiFe/insulation/Cu composite wire based tun-
able inductors: to explore and develop the micro composite wire with in-
sulation layer between the ferromagnetic layer and conductive core, and to
study the effect of insulation layer on magnetic properties, impedance, in-
ductance and quality factor of tunable inductors based on NiFe/insulation/Cu
composite wire.
1.3 Organization of the thesis
This thesis is organized as follows:
Chapter 1 introduces the background and motivation, which has revealed a ne-
cessity for further study in this area, as well as the project objectives and the or-
ganization structure of the thesis. A review of magnetic theories, ferromagnetic
magnetic materials and their magnetization processes, and the giant magneto-
impedance effect, including its theory and phenomenology analysis, are given in
Chapter 2. Chapter 2 also reviews the inductor theory and current development
status of magnetic film inductors and tunable inductors, with respect to their
designs, models and materials, as well as the material requirement and fabrica-
tion methods. Chapter 3 describes the proposed research methodology as well
as various fabrication and characterization setups used in the study conducted.
Chapter 4 presents the model and design of the micro ferromagnetic composite
wires as well as the characterization of their inductance and quality factor in a
applied magnetic field environment. Chapter 5 proposes the tunable magnetic
7
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inductor based on composite wire. The device model, fabrication process, and
performance characterization of the tunable inductor are also discussed.Chapter
6 presents the effect of NiFe layer thickness on the magnetic properties of the
composite wires and the performance of composite wire structured tunable in-
ductors. Chapter 7 describes the optimization of the performance of tunable
magnetic inductors through investigating the plating current density and mag-
netically controlled electrodeposition process. Chapter 8 considers the thermal
aspects of composite wires and describes the implication of thermal annealing
on both materials and inductors. Chapter 9 explores micro composite wires
with insulation layer between the ferromagnetic layer and conductive core, and
presents the investigation conducted on the effect of insulation layer on tun-
able inductors based on such composite wires with insulation layer. Finally,




In this chapter, a review of magnetic theories, magnetic materials, and giant
magneto-impedance (GMI) effect related to the magnetic composite microwire
will be given, followed by a review of the current development status of magnetic
film inductors as well as tunable inductors, with their designs, models and
materials. The electrodeposition method for magnetic inductor fabrication is
also discussed.
2.1 Basic magnetic theories
When an electrical conductor carries current, a magnetic field is induced around
the conductor. The induced magnetic field is characterized by its magnetic
field intensity H . The magnetic field intensity H is defined by Ampere’s law.
According to Ampere’s law the integral of H [A/m] around a closed path is
equal to the total current passing through the interior of the path:
∮
l
H · dl =
∫
S
J · dS (2.1)
where
9
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H is the field intensity vector [A/m]
dl is a vector length element pointing in the direction of the path l [m]
J is the electrical current density vector [A/m2]
dS is a vector area having direction normal to the surface [m2]
l is the length of the circumference of the contour [m]
S is the surface of the contour [m2]
The magnetic field intersity H leads to a resulting magnetic flux density B given
by
B = µ0µrH = µH (2.2)
where:
µ is a specific characteristic of the magnetic material termed permeability
µ0 is the permeability of free space, a constant equal to 4pi × 10−7 H/m
µr is the relative permeability of the magnetic material
The value of µr for air and electrical conductors (e.g., copper, aluminum) is 1.
For ferromagnetic materials such as nickel, iron, and cobalt the value of µr is
much higher and varies from several hundred to tens of thousands.
10
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The vector B is the surface density of the magnetic flux. The scalar value of




B · dS (2.3)
The magnetization M represents the increase in the flux density B due to the
magnetic material, the equation for flux density can be rewritten as:
B = µ0H + µ0M (2.4)
where µ0H is the effect of the applied magnetic field, and µ0M is the effect of
the magnetic material presented. The magnetic susceptibility χm is the ratio
between magnetization and the applied field, which represents the amplification





Both µr and χm describe the degree to which the material enhances the magnetic
field and are thus related by:
µr = 1 + χm (2.6)
2.2 Magnetic materials
The magnetic behavior of materials can be traced to the structure of atoms
which consist of electrons spinning around them. Each electron possesses an
11
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electrical charge and its own
2.2.1 Classification of magnetic materials







The relative permeability µr of diamagnetic and paramagnetic materials is close
to unity. The values of B and H are linearly related for both materials. Dia-
magnetic materials have a value of µr less than unity, which means that they
tend to slightly exclude magnetic field, that is, a magnetic field intensity is
generally smaller in a diamagnetic material than it would be in a paramagnetic
material under the same conditions. It is due to the non-cooperative behavior
of orbiting electrons in diamagnetic material when exposed to an applied mag-
netic field. Diamagnetic materials consist of atoms which have no net magnetic
moments (all the orbital shells are filled and there are no unpaired electrons).
Superconductors are a specific class of diamagnetic materials. In these materials
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there are macrocurrents circulating in the structure. These currents oppose the
applied field and as a result the material excludes all exterior fields.
Paramagnetic materials have a value of µr greater than unity, and they are
slightly magnetized by an applied magnetic field. When paramagnetic materi-
als are in the exposure of a magnetic field, there is a partial alignment of the
atomic magnetic moments in the direction of the field, resulting in a net positive
magnetization and positive susceptibility. In addition, the efficiency of the field
in aligning the moments is opposed by the randomizing effects of temperature.
This results in a temperature dependent susceptibility, known as the Curie’s
Law. At normal temperatures and in moderate fields, the paramagnetic sus-
ceptibility is small. Unless the temperature is very low or the field is very high,
paramagnetic susceptibility is independent of the applied field.
The relative permeability µr of ferrimagnetic and ferromagnetic materials are
much higher than unity. These materials show a large and magnetic field depen-
dent magnetic susceptibility. In ferrimagnetic materials, the magnetic behavior
is obtained when ions in a material have their magnetic moments aligned in an
antiparallel arrangement such that the moments do not completely cancel out
and a net magnetization remains. Most ferrimagnetic materials are ceramics
and are good insulators of electricity. Some examples of ferrimagnetic materials
are YIG (yttrium iron garnet) and ferrites composed of iron oxides and other
elements such as aluminum, cobalt, nickel, manganese and zinc.
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In ferromagnetic materials, the alignment of the magnetic moments of atoms is
in the same direction so that a net magnetization remains after the magnetic
field is removed. Similar to ferrimagnetic materials, the susceptibility of ferro-
magnetic materials depends upon the intensity of the applied magnetic field.
Two distinct characteristics of ferromagnetic materials are their spontaneous
magnetization (magnetization inside the materials without external application
of a magnetic field) and the existence of magnetic ordering temperature. Exam-
ples of such materials are Fe, Ni, Co and their various alloys. Due to their high
relative permeability µr (10 - 100,000), the ferromagnetic materials are of real
importance for the design of inductors and many other magnetic components.
In antiferromagnetic materials, the magnetic moments are arranged in such a
way that the magnetic moments of atoms or ions cancel out causing zero net
magnetization. The magnetic susceptibility is positive and small. The examples
of antiferromagnetic materials are MnO , NiO, CoO and MnCl2.
A comparison of B-H relation of different types of magnetic materials is shown in
Figure 2.1 [9], which shows the scale of the magnetization curve of ferromagnetic
materials is much higher than the rest.
2.2.2 Ferromagnetic materials
Each electron possesses an electrical charge and its own magnetic (spin) mo-
ment. Besides the spin, each electron of the atom has another magnetic moment,
a so-called orbital moment, caused by its rotation around the nucleus. In the
14
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Figure 2.1: Magnetization curves for different types of magnetic materials.
atoms of many elements the electrons are arranged in such a way that the net
atomic moment is almost zero. Nevertheless, the atoms of more than one-third
of the known elements possess a magnetic moment. Thus, every single atom of
these elements has a definite magnetic moment as a result of the contributions
of all of its electrons. This magnetic moment can be associated with an atomic
magnet.
In metals there is an interaction between the atoms, which defines the magnetic
properties of the total structure. In most cases the atomic moments in the crys-
tal are inter-coupled by coupling forces. If the atomic moments are arranged
in parallel with crystal lattice sites, then the moments of the individual atoms
are summed up resulting in the ferromagnetic effect. The coupling forces in
the ferromagnetic materials of technical interest are strong and at room tem-
perature almost all atomic magnets are parallel-aligned. The alignment of the
atomic magnets does not occur in the entire structure, but only within certain
regions. These regions of alignment of the atomic magnets are called ferro-
magnetic domains or Weiss domains. In polycrystalline materials they usually
15
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Figure 2.2: Orientation of domain magnetic moments in the structure of
unmagnetized iron.
have a laminar pattern. The size of the domains varies considerably, from 0.001
mm3 to 1 mm3. Each domain contains many atoms and is characterized by an
overall magnetic moment, as a result of the summing of the atomic magnets.
The directions of the domain magnetic moments in an unmagnetized crystal are
not completely random among all available directions. The domain magnetic
moments are oriented so as to minimize the total external field, and in that
way to keep the energy content as low as possible. To follow this rule, adjacent
domains have opposite magnetic moments, as shown in Figure 2.2. The net
external field is reduced additionally by so-called closure domains.
In every crystal the domains are divided from each other by boundaries, so-called
domain walls or Bloch walls. Across the domain walls the atomic magnetic
moments reverse their direction, as shown in Figure 2.3.
The quantitative determination on domain wall is the scope of micromagnetics,
which is a branch of magnetism. The free energy of a uniaxial magnet of volume
16
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where A is the interatomic exchange, M is the magnetization, Ms is the sponta-
neous magnetization within a domain,K1 is the second-order uniaxial anisotropy,
H is the Zeeman interaction, Hd is the magnetostatic self-interaction, and n is
the unit vector of the easy-axis direction. The modern theory of Bloch walls,
proposed by Landau and Lifshitz [11], is to putH = 0, and to assume that Hd =
0. It can be shown that a magnetic field yields domain-wall motion rather than
domain-wall widening or narrowing, and that domain walls in bulk magnets are
free of magnetic poles (Hd = 0). The only remaining energy contributions are
then the exchange energy (A) and the anisotropy energy (K1). The only length
that can be formed from these two parameters is the wall-width parameter
δ0 =
√
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As shown in Equation (2.8), the anisotropy (K1) favors narrow domain walls,
and the narrow walls correspond to large magnetization gradients and are un-
favorable from the point of view of exchange (A).
The described mechanism of summing the atomic magnetic moments, resulting
in spontaneous magnetization of the domains in ferromagnetic materials, is valid
until a specific temperature, called the Curie temperature TC . The value of TC
is clearly defined for every material. If the temperature of the material is in-
creased above that value the thermal oscillations of the atomic magnets increase
significantly and overcome the coupling forces that maintain the alignment of
the atomic magnets in the domains. The final effect disturbs the alignment of
magnetic moments of adjacent atoms. When a ferromagnetic material is heated
above its Curie temperature TC , its magnetic properties are completely changed
and it behaves like a paramagnetic material. The permeability of the material
drops suddenly to µ ≈ 1, and both coercivity and remanence become zero (the
terms coercivity and remanence will be discussed in the next section). When
the material is cooled, the alignment of the atomic magnets in the domains will
recover, but the magnetic moments of the domains will be orientated randomly
to each other.
Thus, the total external field in the structure will be zero. This means that
heating a ferromagnetic material above TC demagnetizes it completely. The
Curie temperatures of selected ferromagnetic materials are shown in Table 2.1.
18
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Table 2.1: Curie temperatures of selected ferromagnetic materials






The properties of the domains, e.g. shapes, sizes, and magnetic orientations,
of a ferromagnetic material depend on the level and direction of the applied
external field.
It is often found in magnetic materials that the magnetization has certain fa-
vorable directions, called the easy axes, and unfavorable directions, called the
hard axes. Suppose an external magnetic field Hext in a direction parallel of the
domain magnetic moments of an unmagnetized sample of a ferromagnetic ma-
terial. With increasing intensity of the applied field, the domain walls begin to
move (wall displacement), slowly at first, then quickly, and lastly in jumps. In
the presence of an external field the atomic magnets are subjected to a torque,
which tends to align them with the direction of the applied field. The magnetic
moments that are in the direction of Hext do not experience a resulting torque.
The magnetic moments that are not aligned with Hext are subjected to a torque
tending to rotate them in the direction of Hext. As a result, the overall domain
wall structure becomes mobile and the domains that are in the direction of the
applied external field Hext increase in size by the movement of the domain walls
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into the domains with direction opposite to Hext. There will be a net magnetic
flux in the sample. The magnetization, which is the average value per unit
volume of all atomic magnets, is increased.
When the applied external field Hext is small, the described domain wall dis-
placements are reversible. When Hext is strong, nonelastic wall displacements
occur, which cause hysteresis in the B-H relation. Above a certain level of the
applied external field, Barkhausen jumps of the domain walls occur. By these
jumps, a domain having the direction of the applied field absorbs an adjacent
domain with a direction opposite to the applied field.
When the strength of the applied external field Hext is increased further, the
process of domain rotation occurs. The domain magnetic moments rotate in
order to align themselves to the direction of Hext, thus increasing the magne-
tization. The process tends to align the domains more to the direction of the
applied external field in spite of their initial direction along the crystal axes.
The total magnetization process includes domain wall displacements and jumps
and domain rotations. In the case of ferromagnetic metals, at the start the
process is realized mainly by means of the wall displacements and jumps, and
the rotations of the whole domains take place at the end of the process, doing
the final alignment in the preferred directions, defined by the external field.
In the micromagnetics model describing the magnetization process of a magnetic
cube specimen, the total free energy in the magnetic specimen is the sum of four
20
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contributions:
E = Eapp + Ean + Eex + Emag (2.9)
where Eapp is the Zeeman energy describing the interaction of the particle mag-
netization with an applied field, Ean is the magnetocrystalline anisotropy energy,
Eex is the exchange energy and Emag is the magnetostatic interaction energy.









and the applied field as
−→










k ) · −→H extdυ (2.11)
where υ indicates integration over the volume of the specimen, the applied field
and the magnetization can be spatially varying, α, β, γ are directional cosines
of the magnetization.





where Wu is an expression of the local crystalline energy density in terms of the
directional cosines of the magnetization. For the uniaxial case with easy axis
along the z direction, Wu = K1 sin
2 θ, K1 is the anisotropy constant and θ is
the angle between the z direction and the direction of the magnetization.
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The exchange interaction is a quantum mechanical effect and the exchange




A[(∇α)2 + (∇β)2 + (∇γ)2]dυ (2.13)
where A is the exchange constant.






H d · −→Mdυ (2.14)
where
−→
H d is the demagnetizing field and can be calculated from magnetostatic
volume and surface charges.
When a domain wall is subjected to a magnetic field Hext, the external magne-




where  is the domain wall area. If the external force exceeds the maximum
restoring force, the domain wall will be swept through the specimen and the
specimen will be magnetized along the applied field.
In the case of coherent rotation of magnetic dipoles, which means all the spins
rotate together, assume that the magnet has a uniaxial anisotropy and it is
subjected to a magnetic field with an angle of ϕ from the easy axis, as shown
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Figure 2.4: Coherent Rotation
in Figure 2.4, then the total energy per unit volume of the magnet is
E = K1 sin
2 θ − µ0MsHext cos(ϕ− θ) (2.16)
where θ is the angle between the magnetization and the easy axis. The direction
of magnetization is given by local minimums of E:
∂E
∂θ
= 2K1 sin θ cos θ − µ0MsHext sin(ϕ− θ) = 0 (2.17)
∂2E
∂θ2
= 2K1 cos 2θ + µ0MsHext cos(ϕ− θ) > 0 (2.18)
By setting the second derivative to zero, the condition for the magnetization
to rotate from one energy minimum orientation to another. Such rotation is
usually irreversible. A small rotation near an energy minimum tends to be
reversible.
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Figure 2.5: Magnetic hysteresis loop
2.2.4 Hysteresis
The magnetization of a ferromagnetic material as a function of applied field is
dependent on the history of the applied field. The lack of retraceability of the
magnetization curve is the property called hysteresis and it is related to the
existence of magnetic domains in the materials. A typical magnetic hysteresis
loop is shown in Figure 2.5. From the hysteresis loops, the following data can
be obtained about the ferromagnetic materials.
Coercivity (Hc) the magnetic field needed to switch the direction of magneti-
zation.
Remanence value (Mr) the magnetization after the applied field is removed.
Saturation magnetization the maximum magnetization of a magnetic mate-
rial when fully saturated (Hext  Hc).
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Permeability (µ) a property of a material that describes the ease with which
magnetization is established in the material. The value is obtained by the value
of the slope of the curve at any point on the hysteresis loop (usually from B-H
loops).
Anisotropy The shape of the hysteresis loop can indicate the anisotropy of
the measured specimens. If the hysteresis loop obtained is box-shaped, the
anisotropy should be near longitudinal while if it is rather curvy and round, the
anisotropy will be circumferential for the case of wires.
2.3 Magnetically tunable properties: magneto-
impedance effect
When a soft ferromagnetic conductor is subjected to a small alternating current
(AC), a large change in the AC complex impedance of the conductor can be
achieved upon applying a magnetic field. This is known as the giant magne-
toimpedance (GMI) effect. The GMI effect exhibits that the electrical properties
of magnetic materials are magnetically tunable.
The ratio of the relative change of the impedance (Z) with applied field (Hext),
which is often named as GMI ratio or MI ratio, is expressed by
∆Z/Z(%) = 100%× Z(Hext)− Z(Hmax)
Z(Hmax)
(2.19)
where Hmax is usually the external magnetic field sufficient to saturate the
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Figure 2.6: GMI ratio (∆Z/Z(%)) change as a function of external magnetic
field (Hext) and frequency (f) for a Ni80Fe20/Cu microwire.
impedance. A typical GMI graph for a Ni80Fe20/Cu microwire is shown in
Figure 2.6.
2.3.1 GMI theory
In general, the complex impedance of a linear electronic element at the circular
frequency ω is given by:
Z(ω) = Uac/Iac = R + iX = R + iωL (2.20)
where Iac is the amplitude of a sinusoidal current I = Iace
(−iωt) passing through
the conductor, and Uac is the voltage measured between the ends of the con-
ductor.
The definition in Equation (2.19) is valid only for a uniform magnetic conductor
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[12]. Nevertheless, for a metallic ferromagnet with a length l and cross-sectional







where Ez and jz are the longitudinal components of an electric field and current
density, respectively, and Rdc is the DC electrical resistance, S is the value at
the surface, and 〈〉q is the average value over the cross section q. Alternatively,







where ρ is the resistivity, l the length of the conductor and hz and hφ are the
axial and circumferential components of the AC magnetic field, respectively.
The current density jz in Equation (2.21) or the magnetic field h in Equation
(2.22) of the conductor can generally be obtained within the framework of classi-







M˙− grad div M (2.23)
and the Landau-Lifshitz equation for the motion of the magnetization vector
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where γ is the gyromagnetic ratio, Ms the saturation magnetization, M0 the
static magnetization, Heff the effective magnetic field, and α the Gilbert damp-
ing parameter [13, 14, 15].
The effective field Heff , which includes all the macro- and microscopic forces
acting on the magnetic system, can be calculated from an appropriate free
energy density. Then




where H is the internal magnetic field (the sum of applied field and the demag-
netizing field, Hk is the the anisotropy field, A is the exchange stiffness constant,
and 2A
µ0Ms
∇2M describes the exchange energy.







m− grad div m (2.26)
where δ0 =
√
2ρ/ωµ0 is the non-magnetic skin depth and m is the AC compo-




m = m× (Heff,0 + i αω
γMs
M0) +M0 × heff (2.27)
where Heff,0 is the equilibrium DC component of effective field, heff is the AC
component of effective field. Different theoretical models use different simplify-
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ing assumptions to get the approximate solution of Equations (2.26) and (2.27)
with appropriate boundary conditions.
Using the simple material relation m = χh, while ignoring the Landau-Lifshitz
equation of motion, the classical skin effect solution of Equation (2.26) is ob-
tained [13, 16, 17]. The impedance Z of a cylindrical magnetic conductor and













where J0 and J1 are the Bessel function of the first kind, r is the radius of
the wire, t is the thickness of the thin film, Rdc is the DC electrical resistance,
and k = (1 + i)/δm. δm is the penetration depth in a magnetic medium, with










where c is the speed of light, σ is the electrical conductivity, and f = ω/2pi is
the frequency of the AC (Iac) flowing along the sample.
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Though derived with the simplified assumption (B = µH), Equations (2.28)
and (2.30), or Equations (2.29) and (2.31), describe rather well many character-
istic features of GMI. GMI can be understood as a consequence of the increase
of the skin depth until it reaches the radius of the wire (r) through the de-
crease of the circumferential permeability in Equation (2.30), or until it reaches
the half thickness of the thin film (t/2) through the decrease of the transverse
permeability in Equation (2.31) under an applied DC magnetic field.
With a DC applied field, Hext, both the real and imaginary components of Z
change with Hext. In a first order approximation, the in-plane component or
resistance, R, and inductance, L, can be expressed as, respectively, [13, 18]:
R = (ρl)/2pi(a− δm)δm (2.32)
and
L = 0.175µ0lf〈µr〉/ω (2.33)
where a is the radius of the wire or the half thickness of the thin film, 〈µr〉 is the
average relative circumferential permeability. It can be seen that the changes in
δm caused by Hext via µφ or µt will modify R and the changes in 〈µr〉 caused by
Hext will alter L. Consequently, changes in both R and L contribute to those
in Z and therefore to GMI [19].
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2.3.2 Analysis of GMI phenomenology
Depending on the frequency (f) of the ac, the giant magnetoimpedance can be
roughly classified into the following frequency regimes [20]:
Low frequency regime (up to a few kHz), where the changes in voltage at
the sample’s ends are mainly due the so-called magnetoinductive effect [21]. The
current passing through the sample generates a circumferential time dependent
magnetic field. Such field causes a circular magnetic flux change and generates
a longitudinal electric field that, in turn, gives rise to an inductive voltage, UL,
across the sample. When an external DC magnetic field Hext is applied, both
the circular component of magnetization and the circular permeability change,
giving rise to a large change in UL. Thus, at very low frequencies, the change
in the impedance of the sample upon application of the applied field (Hext)
results mainly from the contribution of inductance (L), which is proportional
to the circumferential permeability, µφ(I,Hext, f), for a cylindrical magnetic
conductor (i.e., a ferromagnetic wire) or the transverse permeability (µt) for
a planar magnetic film (i.e., a magnetic ribbon) [17]. It should be noted that
because of large Barkhausen jumps in the domain wall motion the inductive
voltage UL can be very far from the harmonic waveform (especially for high
amplitudes of driving current), which allows to distinguish easily the resistive
and inductive components of the total voltage [21].
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Intermediate frequency regime (between ∼ 100 kHz and a few MHz),
where GMI originates mainly from the variation of the skin depth due to strong
changes of the effective magnetic permeability caused by the applied DC mag-
netic field. It is noted here that depending on sample geometry, the GMI
profile can reach its peak in the intermediate frequency range (e.g., 100 kHz to
10 MHz), as a consequence of the contribution of the permeability from both
domain wall motion and magnetization rotation to GMI. Reduction in GMI at
higher frequencies is related to the domain walls becoming strongly damped by
eddy currents and only magnetization rotation contributes to GMI.
High-frequency regime (several MHz up to GHz), where the origin of GMI
is believed to be related to the gyromagnetic effect and ferromagnetic relaxation.
The maxima in GMI profiles are shifted towards higher fields, where the samples
are already saturated magnetically [14, 22]. Strong changes in skin depth are
caused by the same mechanism as in the ferromagnetic resonance.
The three theoretical models which are closely related to the above-mentioned
frequency ranges are examined and discussed below.
2.3.2.1 Quasistatic model
The Quasistatic model is based on the assumption that the frequency is so
small that an equilibrium state of the system can be reached at every moment.
Using this hypothesis, Equations (2.28) and (2.29) can be used with the effective
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Figure 2.7: Domain structure of a uniaxial film with the easy direction
along y-axis. θ1 and θ2 are the magnetization orientations in domain 1 and
2, 2d is the period of domain structure and u is the displacement of domain
walls from their equilibrium positions.
circumferential susceptibility χ calculated from Equation (2.24), where f = 0.
This procedure is equivalent to the minimization of free energy.
Machado and Rezende [23] and Atkinson and Squire [24] investigated GMI in
a film with an in-plane anisotropy and periodic domain structure as shown in
Figure 2.7. The transversal susceptibility was obtained by minimizing the free
energy with respect to the parameters θ1, θ2, and u. If the easy direction is
perpendicular to the conductor axis, both domain wall movement and magne-
tization rotation contribute to the circumferential susceptibility. If the domain
wall displacement dominates and the magnetization rotation is neglected then
cos θ1 = cos θ1 = Hext/Hk, where the anisotropy field Hk = 2K/µ0Ms, and the
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Figure 2.8: Transverse susceptibility calculated for a uniaxial film: (a)
Hext⊥ easy axis - domain wall movement, (b)Hext⊥ easy axis - magnetization
rotation, (c) Hext‖ easy axis.
where β is the wall pinning parameter. The field dependence of χt dw is shown
in Figure 2.8 (curve a). On the other hand, if the walls are completely pinned





Hext cos θ1,2 −Hk cos 2θ1,2 (2.35)
The field dependence of rotational susceptibility (Figure 2.8 curve b) exhibits
singularities at Hext = ±Hk, where the torque of anisotropy exerted by the
magnetic moment is compensated by the DC field and a free rotation of mag-
netization is allowed. In real materials, the sharp peaks are smeared out by the
damping of magnetization motion and by the dispersion of local anisotropies
[16, 24]. If the easy direction is parallel to the conductor axis, the domain walls
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where M0 = 2Msu/d (u, d as seen in Figure 2.7) is the total DC magnetization.
The calculated field dependence of transverse susceptibility is shown in curve c
in Figure 2.8.
In general, the quasistatic model can describe basic features of GMI at relatively
low frequencies, but cannot interpret the frequency dependence of GMI in the
intermediate and high frequency ranges. The reason for this lies in the original
assumptions made in the models.
2.3.2.2 Eddy current model
The quasistatic model can deal with the problem of GMI only at very low
frequencies, where the so-called skin effect is very weak. However, at higher
frequencies, when the skin effect becomes dominant, the contribution of the cir-
cumferential/transverse permeability to GMI should be also taken into account
in addition to the important role played by the skin effect. In this context,
Panina et al. [16] have proposed the eddy current model that calculates the cir-
cumferential permeability and susceptibility for a periodic bamboo-like domain
structure in cylindrical wires, in which the frequency dependance of circumfer-
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where τ = bχ0/ρ is the relaxation time, b is the proportionality constant de-
pending only on wire diameter and domain structure period.
It is worth mentioning that these authors extended, in an effective medium
approximation, the validity of Equations (2.28) and (2.29) to the case of an
inhomogeneous magnetization arising from the domain wall structure. Herein,
the microscopic eddy currents created by moving walls are averaged on the
domain wall scale, thereby resulting in the frequency dependence of complex
permeability in Equation (2.30) that describes damped domain wall motion
as characterized by a relaxation frequency, ωdw. In fact, the magnetization
processes can occur due to not only domain wall motion but also spin rotation.
Meanwhile, the losses accompanying spin rotation arise, and these are therefore
described by another relaxation parameter ωrot. In general, the relaxation from
rotational magnetization is much faster than that from domain wall motion, and
consequently, ωrot  ωdw. At relatively low frequencies, ω < ωdw, the decrease
of the permeability with frequency is related to damped domain wall motion
due to eddy currents. In the case of ωdw < ω ≤ ωrot, the skin effect is dominant
and the impedance is proportional to the square root of frequency and circular
permeability, Z ∝ √ω · µφ. As frequency is further increased (ω > ωrot), the
resistive term becomes greater and contributes to the total impedance Z. In this
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instance, the impedance is independent of the external magnetic field (Hext),
because the permeability is magnetic field independent [24]. In general, the
eddy current model has explained successfully the basic GMI features and most
experimental results in the frequency range of 100 kHz to 30 MHz.
2.3.2.3 Domain model
The domain model is considered a more rigorous treatment of the GMI prob-
lem of a metallic soft magnetic wire with periodic circular domains than the
eddy current models. It was initially proposed by Chen et al. [25, 26] and
has been able to interpret qualitatively the single and double-peak GMI curves
and several experimental results for studying GMI of amorphous wires. Al-
though theoretical calculations for impedance (Z) were quite consistent with
experimental data, a poor agreement between the theoretical predictions and
experimental results of the circumferential permeability was found. This has
recently been resolved by Betancourt et al. [27] by modifying the proposed
domain models [26], in which only complex inductance formalism (L) was used
to calculate the circumferential permeability instead of using Z equations. The
correlation between the inductance and permeability was established, allowing
the evaluation of the circumferential permeability as a function of frequency
and hence resolving its dispersion law. However, the domain models could not
explain satisfactorily the underlying mechanism of relaxation dispersions of per-
meability spectra in amorphous magnetic materials [28, 29, 30, 31, 32]. In this
context, Kim et al. [30, 31] have proposed a phenomenological model that allows
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one to separate the reversible domain wall motion and magnetization rotation
components in permeability (or susceptibility) spectra of amorphous magnetic
wires and ribbons. These studies have provided a basic physical understanding
of the realistic contribution of domain wall motion and rotational magnetization
processes to GMI for a small driving field.
In general, the eddy current and domain models have explained successfully
several basic features of GMI at frequencies below 100 MHz. When a high
frequency leads to a skin depth comparable with the exchange length, both
models are inaccurate [14]. This is because ferromagnetic resonance occurs at
high frequencies f ∼ 1 GHz and becomes the main effect responsible for GMI
behavior [14, 22]. In this context, the high-frequency models, including the
electromagnetic and exchange-conductivity models, should be considered.
2.3.2.4 High frequency models
At high frequencies, where only magnetization rotation takes place, the pro-
cedure known from the ferromagnetic resonance (FMR) theory is suitable for
the solution of the Maxwell and the Landau-Lifshitz equations [22]. The stan-
dard FMR theory, which uses the linearized Equations (2.26) and (2.27) , can
be used for GMI in the low signal approximation. Depending on whether the
exchange term in the effective field (Equation (2.25)) is taken into account, the
high frequency models are divided into electromagnetic models and exchange-
conductivity models. The electromagnetic model has approached the solution
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of Equations (2.23) and (2.24) using the theoretical procedures of ferromagnetic
resonance, without considering the exchange interactions in the effective field
[15, 22, 33, 34]. The relationship between GMI and FMR have been reported by
Yelon et al. [22, 34] for magnetically saturated samples. The absorption of en-
ergy is understood as an increase of impedance to the electromagnetic radiation
that occurs at the resonance frequency,
ωr = γµ
√
(H +Ms)(H + 2K/µMs) (2.38)
where γ and K are the gyromagnetic ratio and the anisotropy constant, respec-
tively. At a given frequency, increase of the DC magnetic field (Hext) leads to a
shift of the resonance frequency, thereby reducing the permeability and result-
ing in a remarkable GMI effect. The theoretical skin depth reaches its minimum






and the GMI reaches its maximum value. It is worth mentioning that in the GHz
region the experimentally observed GMI data exhibits close agreement with the
theoretical prediction [22, 34], since the FMR condition can be satisfied in this
frequency regime [35].
In general, the electromagnetic model can qualitatively interpret the basic fea-
tures of GMI and most of the experimental data in the high-frequency regime.
However, some aspects of GMI cannot be completely resolved using this model,
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because the role of the exchange interactions in the effective field is neglected
[14, 36]. The exchange-conductivity model accounts for the exchange term in
the effective field (Equation (2.25)). In fact, the exchange-conductivity effect is
caused by the interplay between the skin effect and the exchange interaction.
Due to the skin effect, the AC component of magnetization induced by an AC
flowing along the conductor axis decreases in magnitude from the surface to
center. Consequently, the magnetization is inhomogeneous and exchange en-
ergy arises accordingly. Such an increase of the exchange energy (or exchange
interaction) weakens the skin effect and the skin depth is consequently increased
[37]. Herein, it is the inhomogeneous AC magnetic field that excites spin waves
with wavelengths of the order of the skin depth, which enhances the energy
dissipation by eddy currents. This can be understood as an apparent increase
of resistivity in ferromagnetic materials [38]. Using the simplified solution to
Equations (2.23) and (2.24), the exchange-conductivity models have shown that,













where A is the exchange stiffness constant. ωc is evaluated as approximately
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100 MHz for soft magnetic amorphous materials. At low and intermediate
frequencies (ω < ωc), the calculated maximum GMI scales as ω
1
4 . Above the
characteristic frequency (ω ≥ ωc), the GMI is calculated using Equation (2.39).
The exchange-conductivity model allows one to qualitatively interpret the fre-
quency and magnetic field dependencies of GMI in a wider range of frequencies
than the electromagnetic models. However, neither model deal satisfactorily
with the problem of GMI as a whole, due to the complex domain structures of
actual magnetic materials [16, 17, 39] and the given approximate assumptions
[14, 37, 40].
2.4 Inductors and tunable inductors
An inductor is a passive electrical component that can store energy in a magnetic
field created by the electric current passing through it. An inductor’s ability
to store magnetic energy is measured by its inductance, in units of henries,
which immortalizes Joseph Henry (1797-1878) who discovered inductance (self
induction) in 1842 when he noticed that large spark was generated when an
electrical circuit was broken [41]. In the following sections the fundamental
aspects of magnetic circuits, inductance and quality factor will be provided,
and the current state-of-the-art of the thin film inductors and tunable inductors
will also be reviewed.
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2.4.1 Magnetic circuits
A magnetic circuit is made up of one or more closed paths containing a mag-
netic flux. It generally contains magnetic elements such as permanent magnets,
ferromagnetic materials, and electromagnets, but may also contain air gaps and
other materials.
The analysis of magnetic circuit is similar to that of electric circuit. Based on
the field equations of electric circuit, analogous equations for magnetic circuits
can be derived [42]. In electric circuits, the electrostatic potential V and the
electric field intensity E has the relationship of E = −∇V , likewise in the
magnetic circuit,
H = −∇Fm (2.42)
where Fm is called the magnetomotive force or mmf. The electrical potential
difference between points A and B may be written as FAB =
∫ B
A
E ·dL, and the




H · dl (2.43)
The resistance in electric circuit is defined as the ratio of potential difference
and current, or V = IR, and similarly in magnetic circuit the reluctance (<)
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can be defined as the ratio of the magnetomotive force to the total flux, thus
Fm = Φ< (2.44)
In the case of a linear isotropic homogeneous magnetic material of length d and








H · dl = I (2.46)
2.4.2 Inductance and quality factor
Inductance (L) is an effect resulting from the magnetic field that forms around a
current-carrying conductor that tends to resist changes in the current. Electric
current through the conductor creates a magnetic flux proportional to the cur-
rent. A change in this current creates a change in magnetic flux that, in turn,
by Faraday’s law generates an electromotive force (emf) that acts to oppose this
change in current. Inductance is a measure of the amount of emf generated for
a unit change in current.
The definition of inductance is the rate of change of the magnetic flux with
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If the flux is contained in a material whose permeability can be considered as





By Substitution of Equations (2.46) and (2.44), the relationship between induc-




The interior of any current carrying conductor contains magnetic flux, and this
flux links a variable fraction of the total current, depending on its location.
These flux linkages lead to an internal inductance, which must be combined with
the external inductance to obtain the total inductance. The internal inductance






In electric circuits, the relationship between the time-varying voltage v(t) across
an inductor with inductance L and the time-varying current i(t) passing through
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An ideal inductor will be lossless. However, typical inductor’s internal resistance
converts electrical current into heat, thus causing a loss of inductive quality. The
quality factor (Q) of an inductor is a measure of the ability to store energy to
the sum total of all energy losses within the component. It is quantitatively






2.4.3 Magnetic thin-film inductors
Conventional inductors, such as those used in power handling applications and
the like, are typically made of magnetic cores and continuous lengths of wire
wound about the core. The integration of such discrete inductors with analog
or digital microcircuits has been difficult if not impossible to implement in the
past because of incompatibilities between the operating requirement or fabri-
cation processing requirement of integrated circuit chips and these convention
inductors [43].
One incompatibility which has long existed between integrated circuits (IC’s)
and inductors is size different. Traditional inductors tend to be much larger
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than IC’s. The increasing demand for small-size electronic devices and prod-
ucts has been motivating the research on miniature planar inductors. The dom-
inating design of the planer inductor design is an air-core spiral. Spirals are
magnetically inefficient, relatively large, and often perform poorly in silicon in-
tegrated circuits due to the parasitic coupling [44]. Use of magnetic films as
flux-amplifying components allows for smaller inductors [45]. The basics un-
derlying the magnetic film inductors is when a high permeability material is
placed near a conductor carrying electrical current the inductance of the con-
ductor is known to increase. Ideally, if a conductor is enclosed in an infinite
magnetic medium, the inductance is increased by a factor of µr , the relative
permeability of the medium. If µr is purely real (no magnetic loss) and large,
then the inductance as well as the quality factor, Q, of the structure are sig-
nificantly enhanced. This means that if a high permeability material can be
suitably incorporated into an ’air-core’ inductor without producing additional
loss, substantially higher inductance and Q values would be achievable without
increasing the size of the device, or alternatively, for the same inductance value
a much smaller substrate area would be needed. Furthermore, since the mag-
netic flux is confined within the magnetic core, cross-talk between the inductors
on the same chip would be reduced. These issues are particularly relevant in
mobile communications systems, where miniaturization and integrated circuit
integration of inductors used in LC filters is highly desirable [46].
Saleh and Qureshi [47] in 1970 proposed a magnetic thin film consisting of a
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square spiral deposited between two Permalloy films, ∼ 0.3 µm thick on a glass
substrate. The inductor was optimized for operation at ∼ 10 MHz and had
a quality factor Q ' 18 with ∼ 15% inductance enhancement over the free
space value. In spite of the small gain in the specific inductance, the presented
magnetic analysis, the use of the fast transverse permeability (excitation field
along the hard axis), as well as the segmentation of the magnetic film to avoid
displacement currents due to the distributed conductor-to-film capacitance, are
still very relevant for high-frequency magnetic inductor design. Soohoo [48] in
1979 brought the subject of integrated inductors to the attention of the mag-
netism community. He gave a basic magnetic analysis for a magnetically sand-
wiched spiral and a magnetic film core solenoid. He also presented a prototype
inductor with copper film winding ’wrapped’ around a Permalloy film/glass(Si)
substrate, which showed a 700-fold enhancement in the specific inductance (no
frequency or quality factor data were provided).
Over last 20-25 years, there have been a number of efforts to fabricate magnetic
film inductors [45, 49, 50, 51, 52, 53, 54, 55, 56]. The most common form of
these magnetic film inductors is a conductor, e.g. copper, sandwiched between
two Permalloy films, and the operating frequency range from 1-10 MHz to 100-
1000 MHz [45]. Representative results of these magnetic inductor development
are discussed in the following. Shirae and co-workers [49] have implemented
a number of structures, starting with planar coils imbeded in SiO and sand-
wiched between two Permalloy films. This design did not yield an efficient
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inductor (Q ∼ 1) and the resonances at a few tens of MHz were attributed to
the distributed coil/SiO/film capacitance in the structure. The shift in design
from magnetically sandwiched planar coils to magnetically sandwiched conduc-
tor strips (Py/Cu/Py tri-layers) patterned into planar coils was found to im-
prove the high-frequency characteristics of the devices, which obtained Q ≥ 3 at
∼ 100 MHz. However, the gain in the specific inductance due to the magnetic
cladding was ’too small’ [57]. In this regard the importance of flux closures at
the edges of the conductor (’flanges’) was pointed out [58]. A gain in inductance
up to a factor of 4 with Q ≈ 2 − 3 at ∼ 100MHz was obtained by Yamaguchi
et al [52, 59] for Permalloy-coated conductor strips, with and without magnetic
closures at the edges, formed into meanders and spirals. Korenivski and van
Dover [46] have studied Cu strips sandwiched with Permalloy and Co-Nb-Zr,
with and without flanges at the edges. Up to 7-fold inductance enhancements
over the air-core value (100 nH/cm linear inductance density) with Q ≤ 2 at
f ≤ 250 MHz were observed for 10-50 µm strips. Another geometry, a solenoid,
was studied by Shirakawa and co-workers [60, 61], who have demonstrated ∼
10-fold inductance gains with Q = 10-15 at f = 10-100 MHz for planar solenoids
with laminated amorphous magnetic cores. The use of Fe-Ta-N and high resis-
tance Fe-Al-O in planar inductors have been discussed by C.H. Lee et al [62]
and M. Yamaguchi et al [63], respectively. The design, however, was chosen
such that in one case the frequency range was limited to about 20 MHz [62] and
in the other the gain in inductance was only 8.6% [63].
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2.4.3.1 Designs
The existing magnetic film inductors differentiate their designs by how a mag-
netic film is incorporated in a magnetic flux device. Different designs have their
own merits and demerits in terms of efficiency, operating frequency, and ease of
fabrication. Common designs of magnetic film inductors and their advantages
and disadvantages are briefly discussed here [45].
Sandwiched spiral As discussed in Section 2.4.3, there have been numerous
attempts to produce an efficient inductor, which would have a noticeable induc-
tance gain over the air-core value and operate close to 1 GHz, by sandwiching
planar coils with magnetic films. Due to its high inductance-per-area charac-
teristic, the spiral is by far the most commonly used design for making planar
inductors. In practice, the major contribution to the inductance of the spiral
comes from the self-inductance of the conductor and that a spiral is basically a
compact way of accommodating a long conductor on a substrate. Sandwiching
a spiral between two magnetic films, as shown in Figure 2.9, can lead to an
inductance enhancement as high as a factor of µ for very thick magnetic films
[51]. The main advantage of the sandwiched spiral is the integrated fabrication
process is well established. However, the main disadvantages are: 1) the spiral
is not magnetically efficient due to the compromise between the need for a pla-
nar layout and a solenoid; 2) the insulation layer required to separate the spiral
from the magnetic films introduces a distributed coil-to-film capacitance, which
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Figure 2.9: Exploded view of a sandwiched spiral
is strongly geometry dependent and is recognized to be a limitation for opera-
tion at ultra high frequency; 3) relatively large air gaps existing in the sandwich
magnetic structure is undesirable from the basic magnetic circuit analysis point
of view; 4) large out-of-plane fields produced by planar coils, resulting in-plane
eddy currents in magnetic films; and 5) biasing the magnetic films sandwiching
the spiral is not straightforward since the field of, say, a square spiral is bi-axial.
A solution to magnetically cover one-half of the coil [47] is available, though at
the expense of reducing the magnetic volume by ∼50%.
Planar solenoid A planar solenoid can be formed by plating/patterning the
lower conductor layer, covering it with polyimide or SiO, depositing the mag-
netic core of desired geometry with another layer of polyimide/SiO, arranging
for metal via contacts and finally plating/patterning the top conductor layer.
The advantages with this geometry are: 1) fabrication process is well developed;
2) magnetically efficient; 3) biasing the magnetic core is straightforward; and 4)
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most of the field produced by the solenoid is in the plane of the core, so eddy
currents can be controlled by varying the thickness of the core. However, the
disadvantages of this design are large distributed capacitance in the structure
and relatively complex structure with multiple via contacts, which may add up
to a high resistance of the coil and lead to low Q.
Sandwich strip A sandwich strip inductor is a thin film multilayer having a
conductor strip, typically made of Al or Cu, 0.1-1 µm thick, 10-50 µm wide and
∼ 1 mm long, sandwiched between two magnetic films, with optional insulation
layers between the conductor and the magnetic films. In addition, flux closure
can be achieved by incorporating magnetic flanges at the edges of the strip, flux-
linking the magnetic films. Three common sandwich strip geometries, without
flanges, with flanges, and with gaps in flanges, as shown in Figure 2.10 [64]. A
short narrow strip, having a 5-10 fold inductance enhancement over the air-core
value, can substitute a typical RF spiral, thus releasing a lot of real estate. If
needed, longer strips can assume a spiral or a meander layout to achieve large
inductances. The structure has the advantages of: 1) simple in fabrication; 2)
biasing the magnetic film is straightforward; 3) the field is concentrated in the
magnetic films. Therefore, a reduced dissipation in Si is expected; 4) the field
produced by a strip in the magnetic films is mostly in plane, so eddy currents can
be controlled by varying the thickness of the films; 5) no insulation is required
if the soft alloys have a much higher (∼ 10-100 times) resistance than that
of the strip. This eliminates the unwanted capacitance. The disadvantage of
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Figure 2.10: Schematic of a magnetic stripe inductor: (a) a trilayer without
flanges; (b) an enclosed stripe inductor; (c) a magnetic stripe inductor with
gaps
the sandwich strip is the additional fabrication steps required by incorporating
flanges, typically done by making the top magnetic film wider to cover the
conductor strip, and the resultant stress in the magnetic film at the edges and,
hence, anisotropy.
2.4.3.2 Models
The magnetic film inductors are commonly modeled by equivalent magnetic cir-
cuits, where the inductance is obtained from the DC reluctance of the magnetic
circuit, and the frequency dependence comes from assuming the same perme-
ability as that of a magnetic film with eddy currents in a uniform in-plane AC
field [65].
The inductance of a ’one-turn’ magnetic circuit is L = 1/<, where < is the
magnetic reluctance. For a magnetic film with dimension tm (thickness), w
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For the structure shown in Figure 2.10 (b) with the vertical dimensions much
smaller than the width of the structure, tc + tm  w. The total reluctance of




















I · l =
µ0µrtml ·H










For certain geometries such approach can be appropriate, however it can be inad-
equate for others especially those with air gaps since the flux leakage and fringing
are neglected in the model [45]. A more robust approach is the transmission-
line models, which were first introduced for recording heads [66, 67] and later
extended to generic inductor designs [46, 55, 68]. In this approach, Maxwell’s
equations are solved for the structure under consideration, which permits a con-
sistent treatment of air gaps. The model for magnetically coated strips has been
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extended to explicitly take into account eddy currents in the films [69, 70].
Consider the structure of Figure 2.10 (a) and assume that the thickness of the
film is small compared to the lateral dimensions of the stripe and µr  1.
The geometry of the model is defined in Figure 2.11 [46]. The integral form of
Maxwell’s equation
∮
Hdl = i (2.57)
applied to the contour ABCD of the structure in Figure 2.11 is













where i is the current enclosed by the contour, H is the field inside the magnetic
films, andHg is the field in the gap between the magnetic films. As the magnetic
flux must be conserved
div · B = 0 (2.60)
the incoming flux into an element ∆x∆ytm (shown in Figure 2.11) must equal
the outgoing flux from the element
µ0µrHtm∆y − (H + ∂H
∂x
∆x)µ0µrtm∆y +Hgµ0∆x∆y = 0 (2.61)
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Combining Equations (2.59) and (2.62) yields























The general solution of Equation (2.64) is
Φ(x) = A · ex/λ + C · e−x/λ + α · I (2.66)
Assuming the fringing flux is small compared to the flux in the gap, the bound-
ary conditions Φ(x = 0) = Φ(x = w) = 0 are obtained. Thus the solution can
be obtained using these boundary conditions
Φ = α · I( 1− e
−w/λ
e−w/λ − ew/λ e
x/λ +
ew/λ − 1
e−w/λ − ew/λ e
−x/λ + 1) (2.67)
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Figure 2.11: Geometry of the electromagnetic model for a magnetic sand-
wich inductor















This expression for the inductance is the same as the Equation (2.55) reduced
by the factor






which approaches unity for small λ/w and zero for large λ/w. Thus for practical
designs the λ and w parameters should be properly chosen to maximize K(λ/w).
Another approach to model the magnetic film inductor was using current images,
employed by Roshen [51] to analyze planar circular spirals on or sandwiched in
magnetic (insulating and having isotropic permeability) films. This technique,
however, is not straightforward to apply to other inductor geometries.
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2.4.4 Tunable inductors
The discrete variable inductors available today are often tuned manually, and are
large in size. Research efforts to implement high quality miniature tunable in-
ductors have been reported in literature [2, 4, 5, 6, 8, 71, 72, 73, 74, 75]. Among
these approaches are the MEMS tunable inductors based on self-assembling
warping members [5], and the transformer-type interleaved spiral or stacked
coils inductors [72, 73]. These approaches can achieve very high quality factor
Q inductors, but are not economical in terms of the fabrication technology and
the die area [8]. Other types of MEMS tunable inductor include micro-relays
controlled inductors [4], MEMS inductors tuned by thermal actuator that con-
trols the spacing between the main and the secondary inductors [6] and induc-
tors tuned using the principle of bimorph actuation [74]. Those components
possess certain limitations, such as the tunability being valid only in discrete
inductance values, the large area consumptions, the limited tuning ranges, and
the high fabrication costs. An integrated tunable magnetic RF inductor was
reported in [2]. The tuning effect of such magnetic RF inductor was achieved
by the superposition of a DC current onto the primary solenoid winding of a
thin-film ferromagnetic core. Although an 85% tuning range was demonstrated
at 100MHz, the quality factor was limited (Q < 2) and the magnitude of the
DC current must be as high as 100 mA to achieve this. Applying DC control
current and RF current in the same inductance device may not be favorable
in some applications as the noise from the DC control current may feed into
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the working current path. Another way to realize the variable inductance is to
employ an active inductor [7, 8]. Although the relatively higher tuning range
and quality factor can be achieved, it still consumes considerable DC power and
has a high noise level.
2.5 Material requirements and electrodeposi-
tion for inductors
2.5.1 Material requirements
The magnetic material used in the magnetic inductors should have the property
of large lossless permeability in the operating range, and should be compatible
with the integrated fabrication process. To achieve a high lossless permeability,
the following properties are desirable [45]:
High saturation magnetization, Ms. This is a precondition for high per-
meability. Most, if not all, of the designs are expected to employ the transverse
(hard axis) permeability in films of uniaxial anisotropy, which is directly pro-
portional to Ms:
µ ∼= 4piMs/Hk (2.70)
where Hk is the anisotropy field.
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Controllable anisotropy, Hk. For a high Hk the permeability is reduced





where γ is the gyromagnetic ratio. At FMR the permeability is mostly imagi-
nary, which would make an inductor into a resistor.
Small FMR linewidth. This is commonly defined as the half-width at half-
maximum in the bell-shaped imaginary part of the permeability. In a system
without dissipation the line is infinitely narrow. In a real system it can be rather
broad due to various dissipation processes, such as spin-lattice relaxation, non-
uniform magnetization modes (spin-waves), eddy currents.
High resistivity. Eddy currents is one of the many dissipation channels.
However, in widely used soft magnetic alloys screening often dominates as a
magnetic loss mechanism.
Low magnetostriction. Since the fabrication process may result in stress
in the films leading to stress-induced anisotropy, limiting the permeability, low
magnetostriction is preferable.
With respect to the process compatibility, the magnetic material should prefer-
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ably be compatible with the integrated device design, which means the ability to
fabricate the material on various ’imperfect’ substrates, and a restricted process
temperature required for other on-chip components, preferably room tempera-
ture.
With these material requirements, two main material groups, magnetic oxides
and metallic films, are discussed here.
Ferrites and other oxides are attractive for their high resistivity, while other
properties of ferrites are generally inferior compared with those of soft magnetic
alloys, in terms of magnitude of saturation magnetization, and the ability to
control the anisotropy [45]. The simple and robust method of growing soft uni-
axial alloy films in a biasing field is not available with ferrites. Epitaxial garnets
are known to have the smallest FMR linewidths among the magnetic materi-
als. However, their low saturation magnetization (10 times lower than that in
alloys) and especially the need for single-crystalline lattice-matched substrates,
disfavors garnets for use in integrated inductors. Polycrystalline ferrite films
prepared at relatively low temperature have relatively large FMR linewidths.
Exchange biasing of ferrite films for achieving a single-domain remnant state,
though has been demonstrated, is less straightforward than with alloy films. At
present, however, there appears to be no readily available techniques for fabri-
cation of ferrites having the desired properties for use in ultra high frequency
inductors and compatible with the Si IC-based processes. In this respect the
situation is quite different with soft magnetic alloys [45].
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Soft magnetic alloy films can be prepared by a variety of deposition techniques
practically on any surface in various multilayer configurations at low/room tem-
perature. Permalloy as the core material has dominated the field of planar in-
ductive devices for decades. Its relatively low saturation magnetization (∼ 10
kG) and resistivity (∼ 20µΩ · cm), make the material more preferable to be
used at below ∼ 100 MHz frequency region. In higher frequency regions, recent
success in fabrication of a number of alloy systems with high saturation mag-
netization (∼ 20 kG) and high resistivity (∼ 100µΩ · cm and higher) gives a
large choice to a designer of UHF inductors. Polycrystalline nitrides (e.g., Fe-N
and its derivatives [76, 77]), amorphous alloys (FeBSi, CoNbZr, etc.), granular
oxygen/nitrogen containing films (such as reactively sputtered Fe(Co)AlO(N)
[78]) are all well suited for use at ∼ 0.1− 1 GHz, and in fact have already been
tested in planar inductors [61, 62, 63].
Electrodeposition is often preferred to sputtering for soft films because its low
capital cost, good control of the films’ properties, and high flexibility in fabri-
cation of various patterned structures. Recently, soft Co-Fe-Ni alloy films with
very high saturation magnetization (20-21 kG) and resistivity (> 100µΩ · cm)
have been obtained by using electrolytes containing various additives such as
S,C, Mo [79]. These results were promising and likely to warrant a conversion
from sputter-based fabrication processes to electrodeposition [44].
Electrodeposition of NiFe and CoNiFe alloys has also found to be well-suited
to fulfill the requirements of high yield and cost effective processes to deposit
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and integrate magnetic materials into Micro/Nano Electro Mechanical Systems
(MEMS/NEMS) [80]. This leads to the possibility of the MEMS/NEMS imple-
mentation of the studied magnetic inductors and tunable inductors.
2.5.2 Electrodeposition basics
Electrodeposition as an industrial activity has been practiced for over 150 years
[81]. Electrodeposition process involves passing an electric current between two
electrodes immersed in an electrolyte. The positively charged electrode is the
anode while the negatively charged electrode is the cathode. The cathode is the
electrode at which reduction takes place while anode is the electrode at which
oxidation occurs. The electrolyte contains electrically charged particles, also
known as ions. When an electrical potential or voltage is applied between the
electrodes, these ions migrate towards the electrode with the opposite charge.
For instance, positively charged ions are attracted to the cathode and negatively
charged ions are attracted to the anode. This results in the transfer of electrons.
Current flows between the electrodes, completing the electrical circuit. The
electrical energy is supplied by a DC power source.
The nature of an electrodeposit is determined by many factors including the
electrolyte composition, pH, temperature and agitation, the potential applied
between the electrodes, and the current density. The resulting films can be crys-
talline or amorphous, metallic or nonmetallic. Electrolytes are usually aqueous,
although many materials have been deposited from non-aqueous solutions [82].
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Electrodeposition in modern day technology has emerged as a novel economi-
cally viable technique with large-scale production capabilities [82]. The tech-
nique has generated immense interest worldwide because of its simplicity, low-
cost, easydeposition irrespective of surface size and area, the deposition being
possible even in nanopores.
2.5.2.1 Faraday’s laws of electrolysis
Faraday’s laws of electrolysis are quantitative relationships based on the elec-
trochemical researches published by Michael Faraday in 1834 [83].
Faraday’s First Law of Electrolysis states that the amount of electrochemical
reaction that occurs at an electrode is directly proportional to the quantity
of electric charge that passed through the circuit. Faraday’s Second Law of
Electrolysis states that for a given quantity of electricity (electric charge), the
mass of an elemental material altered at an electrode is directly proportional
to the element’s equivalent weight. The equivalent weight of a substance is its
molar mass divided by an integer that depends on the reaction undergone by
the material.








where m is the mass of the substance altered at an electrode, Qe is the total
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electric charge passed through the substance, F = 96, 487Cmol−1 is the Faraday
constant, M is the molar mass of the substance, and z is the valency number
of ions of the substance (electrons transferred per ion).
For Faraday’s first law, M , F , and z are constants, so that m will increase lin-
early with increasing Qe. For Faraday’s second law, Qe, F , and z are constants,
so that the larger the value of M/z (equivalent weight) the larger m will be.
















where n is the amount of substance (”number of moles”) altered: n = m/M ,
and t is the total time the constant current was applied.
In the case of a variable electrical current, the total charge Qe is the electric





Here t is the total electrolysis time.
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2.5.2.2 Deposit thickness prediction
The deposit thickness may be evaluated by considering the volume of the de-
posit. Since the volume of the deposit V is the product of the plated surface
area as, and the thickness tm, it follows that tm = V/as. The volume of the
deposit is related to the weight of the deposit m and the density of the deposit








In the case where it is necessary to calculate the time t (seconds) required to
obtain the desired deposit thickness tm, at a given current density, Faraday’s

















2.5.2.3 Electrodeposition of Ni-Fe alloys
The electrodeposition of an alloy requires, by definition, the co-deposition of
two or more metals. In other words, their ions must be present in an electrolyte
that provides a ”cathode” film where the individual deposition potentials can
be made to be close or even the same. The three main stages in the cathodic
deposition of alloys (or single metals) are to be recognized:
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1. Ionic migration: the hydrated ion(s) in the electrolyte migrate(s) toward
the cathode under the influence of the applied potential as well as through
diffusion and/or convention
2. Electron transfer : At the cathode surface area, the hydrated metal ion(s)
enter the diffusion double layer where, because of the higher field present,
the hydrated shell is lost. Then on the cathode surface, the individual ion
may be neutralized and is absorbed.
3. Incorporation: The absorbed atom wanders to a growth point on the
cathode and is incorporated in the growing lattice.
The Ni-Fe deposition system is also known as anomalous codeposition. The
electrochemical reduction of nickel in the presence of iron ions are inhibited as
compared to its deposition behavior from a pure nickel bath. On the other hand,
the reduction of iron ions takes place much faster in the presence of nickel even
though iron is the less noble metal [84, 85, 86, 87]. Codeposition of iron group
metals leads to a reduction of the reaction rate of the more noble component
and an increase of the reaction rate of the less noble component compared to
single metal deposition.
Thus, the electrodeposition mechanism of Ni-Fe alloys involves the controlling
of Ni deposition rate by the ion discharge while controlling of Fe deposition rate
by the transport of ferrous (Fe2+) ions to the electrolyte diffusion layer near
the cathode surface. Deposition and dissolution rates of the respective ions
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depend on the composition of the plating bath. In general, changes in composi-
tion imply changes in the magnetic properties, surface morphology, crystalline
arrangement, and deposited thickness [88, 89].
2.5.3 Electrodeposition of ferromagnetic wires
Electrodeposition has been used recently to produce uniform ferromagnetic
wires consisting of non-magnetic conducting inter core (e.g., Cu and BeCu),
and magnetic outer shell layers (e.g., FeNi, FeNi-Al2O3, and CoP) [90, 91, 92,
93, 94, 95, 96, 97, 98, 99, 100, 101, 102, 103, 104, 105, 106]. Electrodeposition
is used for coating a metallic wire with a similar or dissimilar metallic plating
layer having the desired uniform thickness and a compact metallic structure
by passing the wire through electrolytic baths and through surface smoothing
stations. In the electrodeposition process, the thin magnetic layer is formed
over the inter wire using DC or pulse electrolytic current density. The layer
thickness can be controlled by the deposition time if the current density is kept
as a constant.
In the fabrication of the ferromagnetic wires, the electrodeposition method has
the following advantages: (i) a wide range of materials (metals, alloys, and
composites) that can be processed by electrodeposition is available; (ii) both
continuous and batch processing are possible; (iii) materials with different grain
size and shape can be produced; (iv) materials with full density (i.e., negligible
porosity) can be produced; and (v) the final product can be in the form of a
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coating or bulk material.
Magnetic properties of the deposited materials are found to be highly dependent
on many material parameters as well as process parameters. The process factors
in the development of magnetic NiFe/Cu microwires include:
 Condition of the substrate - the surface condition of the substrate, e.g.
copper, will directly affect the surface condition of the deposited struc-
tures.
 pH value of the electrolyte - it affects the composition of the deposited
layer. The Fe% generally increases as pH value increases from 2.5 to 4.5
[107].
 Plating temperature - it influences the pH of the plating solution. Elec-
trodeposition carried out at high temperatures results in high solubility
of nickel and other salts and higher conductivity of the plating solution.
Furthermore, there is reduced polarization at both the cathode and anode,
bringing about an increase in anode and cathode efficiency. However, elec-
trodeposition at high temperatures is linked to an increased tendency of
hydrolysis and precipitation of impurities as well as excessive evaporation
of the electrolyte [108].
 Plating time - it affects the thickness as well as the composition of the
deposited layer. An increase in plating time increases the Fe content in
Ni-Fe conventional DC plating [109].
68
Chapter 2: Literature Review
 Current waveform - different types of current waveform can be used in the
process of electrodeposition. They include direct current, pulse current
[110, 111, 112] and pulse reverse current [110, 111, 113, 114, 115, 116].
A recent study [116] showed that the results showed that the magnetic
properties of the pulse-reverse electrodeposited wires were better than
those of conventional DC and pulse electrodeposited wires.
 Current density - an increase in the current density tends to increase the
proportion of the less noble element in the alloy deposit. Since current
density determines the rate of deposition, the amount of current flowing
through each unit of plating area must be as uniform as possible to achieve
uniformly thick deposits.
 Presence of magnetic field - electrodeposition conducted in the presence
of a magnetic field [117, 118, 119, 120, 121, 122, 123, 124, 125, 126]
affects electrochemical behavior, composition of NiFe layers, stress, mag-
netic properties, crystalline structure, and surface roughness [124].
 Agitation - agitation helps to avoid stagnation, dispersing products and
reactants, and increase the deposition rates. Agitation can be separated
into solution mixing and interface agitation. Solution mixing involves the
bulk solution and helps to ensure homogeneity in the solution, disperse
gases and even helps to mix in additions to the plating solution. Effective
means of solution mixing are mechanical stirring and air bubbling.
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2.6 Concluding remarks
In this chapter, the basic magnetic theories, ferromagnetic magnetic materials
and their magnetization processes have been reviewed, layering a foundation of
the research for magnetic micro wires. The giant magneto-impedance (GMI)
effect, including its theory and phenomenology analysis, have been comprehen-
sively studied, enabling the magnetic tunability for composite wire inductors.
A review of inductor theory and current development status of magnetic film
inductors and tunable inductors, with respect to their designs, models and ma-
terials, has provided a solid base for further study in this area. The material
requirement for proposed magnetic inductors and electrodeposition method for




Methodology and Experiment Tech-
niques
In this chapter, the research methodology and the experimental setups for fabri-
cation and optimization of the micro ferromagnetic wire inductors and tunable
inductors will discussed. The characterization methods and related equipments
will be also described in this chapter.
3.1 Proposed project methodology
The flowchart in Figure 3.1 shows the process to develop and characterize the
micro ferromagnetic composite wires inductors and tunable inductors, and also
to further optimize the their performance based on the device measurement and
evaluation.
Two types of ferromagnetic composite microwires, NiFe/Cu wires and NiFe/insulation
/Cu wires, have been studied in this dissertation. As suggested by their names,
the structural difference between these two types of composite wires is whether
there is an insulation layer between the ferromagnetic layer and the conductive
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 Development of ferromagnetic composite wire
inductors and tunable inductors
Characterization processes
Device evaluation
Scanning Electron Microscopy (SEM)
Energy Dispersive X-Ray (EDX)
X-Ray Diffraction (XRD)














Inductance and Resistance Measurement,
Tunability and Q evaluation for inductors 
and tunable inductors
Optimization
Figure 3.1: Flowchart showing the fabrication, characterization and eval-
uation methods for the ferromagnetic composite wire based micro tunable
inductors.
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core. The NiFe/Cu composite wires were mainly developed by the electrodepo-
sition, while NiFe/insulation/Cu composite wires were developed using different
synthesis methods including magnetron sputtering, glass-coated melt spinning
process, and electrodeposition. The fabricated specimens of both types were
then characterized according to the following material properties: 1) surface
smoothness using scanning electron microscopy (SEM); 2) coating thickness us-
ing SEM; 3) average nanocrystalline grain size using X-ray diffraction (XRD).
The magnetic properties of the specimens were also measured and characterized
by: 1) hysteresis loop using the induction method, which displays the values of
saturation magnetization and coercivity; and 2) magneto-impedance (MI) ef-
fect measurement. The inductor parameters such as inductance and resistance
were measured by precision impedance analyzer, and the tunability and quality
factor were calculated and evaluated based on the measurement results.
3.2 Fabrication setups and Processes
3.2.1 Fabrication processes
The flowchart of the fabrication processes for NiFe/Cu and NiFe/insulation/Cu
composite wires, is shown in Figure 3.2. In the process of NiFe/Cu wires and
some NiFe/insulation/Cu wires, the copper wires of 20 µm diameter, as shown
in Figure 3.3, were manufactured by Tanaka Electronics in a cold-drawn process.
To fabricate the NiFe/Cu wires, the copper wire is first required for the pretreat-
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Pretreatment of 
copper wire 
( Φ 20 μm )
Pretreatment of 
copper wire 
( Φ 20 μm )
Glass-coated 
copper wire 
( produced in 
melt spinning 
process )Sputtering of 
SiO2 layer
Sputtering of seed layer ( gold/silver )
Electrodeposition
NiFe/Cu Composite Wires NiFe/SiO2/Cu Composite Wires
CW-SP CW-GC
Figure 3.2: Flowchart of the fabrication processes for NiFe/Cu and NiFe
/insulation/Cu composite wires
ment before the electrodeposition. The pretreatment includes dipping the wires
in diluted 10% hydrochloric acid (HCl) to remove any oxides residing on the sur-
face and rinsing the wires in distilled water to remove the HCl. Afterward, the
electroplating of NiFe on the copper wire is conducted, which will be discussed in
Section 3.2.2 in detail. The fabrication processes of NiFe/insulation/Cu wires
are more complicated as compared to that of NiFe/Cu wires. As shown in
Figure 3.2, there are two different types of NiFe/insulation/Cu wires fabri-
cated in this project, with different implementations of the insulation layer.
The NiFe/insulation/Cu composite wire whose insulation layer is deposited
by magnetron sputtering is coded as CW-SP, and the other wire whose in-
sulation layer is cast from the melt Pyrex is coded as CW-GC. Both types of
NiFe/insulation/Cu wires share the same fabrication processes of the ferromag-
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Glass coated copper wire
Tension
Figure 3.4: Schematics and picture of the glass coated copper wire fabrica-
tion setup
netic layer by electrodeposition (discussed in Section 3.2.2) and the seed layer
by magnetron sputtering, which will be discuss in Section 3.2.4 in detail.
For CW-GC type composite wires, glass coated copper wires were used. The
glass coated copper wire was prepared in the glass-coated melt spinning process
[39]. The simplified schematic and picture of such fabrication setup is shown in
Figure 3.4, which demonstrates that the glass coated copper wire is obtained
directly by drawing the end of the glass tube that contains the molten copper.
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3.2.2 Electrodeposition
Electrodeposition process in this dissertation refers to the deposition of a Ni-Fe
alloy from the electrolyte solution by the passage of an electric current from the
anode to the to-be-deposited cathode.The key chemical reactions occurring at
the cathode during the electrodeposition process include:
Ni2+ + 2e− → Ni (3.1)
Fe2+ + 2e− → Fe (3.2)
H2O → H+ +OH− (3.3)
H+ +H+ → H2 (3.4)
Ni2+ + 2OH− → Ni(OH)2 (3.5)
The chemical reaction responsible for the deposition of the Ni-Fe on the sur-
face are described in Equations (3.1) and (3.2). The water molecules in the
solution could dissociate to form hydrogen ions and hydroxide ions (Equation
(3.3)). Formation of hydrogen gas comes about when the hydrogen ions form
a covalent bond with each other (Equation (3.4)).The chemical reaction shown
in (Equation (3.5)) contributed to the nature of the anomalous co-deposition of
Ni-Fe.
The chemical concentration of the electrolyte solution is shown in Table 3.1.
Nickel sulfate hexahydrate (NiSO4·6H2O) and iron sulfate heptahydrate (FeSO4·7H2O)
76
Chapter 3: Methodology and Experiment Techniques







are the major source of Ni2+ and Fe2+ in the plating solution. Nickel chloride
hexahydrate (NiCl2·62O) increases conductivity of the solution and uniformity
of alloy distribution at the cathode. There is a possibility that small amount
of Cl− might be deposited, increasing the internal stress of the deposited struc-
tures. To minimize the problem of internal stress, the content of nickel chloride
in the solution should be kept to a minimum [127]. Boric acid (H3BO3) is used
as a buffer to maintain the solution pH the cathode-solution interface relatively
stable over a range of normal operation conditions [127]. The existence of boric
acid alters the polarization behaviors in the Ni-Fe system significantly [128].
Saccharin (C7H5NO3S) is an effective stress reducer and also helps to refine
grain structures.
A schematic diagram of the electrodeposition setup is shown in Figure 3.5. The
to-be-deposited wire was fixed to the center of a stainless steel plating cell and
then submerged in the electrolyte.
Potassium hydroxide solution was used to maintain the pH value of the elec-
trolyte solution at around 3.4. Plating was carried out at a constant temper-
ature of 55◦C controlled by the heater. The magnetic stir, controlled by the
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Heater and stir control
 
+
Figure 3.5: Schematic diagram of the electrodeposition setup
heater and stir control station as well, was placed at the bottom of the beaker
to agitate the electrolyte during the electrodeposition process, in the purpose
of maintaining the uniformity and temperature of the electrolyte.
The plating current source was Advantestr R6145, which is capable to output
both direct and pulse current. For the DC electroplating, the output current
was fixed at 1 mA, which means the current density J was 2 A/dm2. For the
pulsed electroplating, the amplitude of the current was 1 mA, and the duty
cycle was set to 50%.
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Figure 3.6: The longitudinal magnetic field imposed electrodeposition setup
3.2.3 Electroplating with a longitudinal magnetic field
applied
In order to optimize quality factor and the tunability of the micro magnetic
inductor based on composite wires, some of the composite microwire specimens
were produced by electroplating a Ni-Fe layer on a Cu wire of 20 µm in diam-
eter with the imposed longitudinal magnetic field. The current density J was
maintained constant at 2 A/dm2. The setup of the longitudinal magnetic field
imposed electrodeposition is shown in Figure 3.6.
The external magnetic field applied in the electroplating process was produced
by a current driven solenoid, which was formed by 0.8 mm diameter copper wires
coiling around the beaker holding filled with the electrolyte solution and the
plating cell. A current was passed though the solenoid to generate a longitudinal
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magnetic field around the wire under electroplating. The magnitude of the
current was varied from 0 A, 1 A, 2 A, 3 A, 4 A to obtain a range of the
magnetic controlling field HCtr up to 573 Oe. The plating cell was placed at
the center of the solenoid.
The solenoid coil generates an external magnetic field when a DC current is
passed through it and the magnetic flux is longitudinal at the center of the
plating cell and parallel to the to-be-plated wire. Figure 3.7 shows a diagram
of a solenoid for the calculation of the magnetic field strength. The maximum
magnetic field strength at any point along the center of the solenoid in the field




ntIb(cos θ2 − cos θ1)a, cos θ2 = l − z√
l2 + a2




where nt is the turn density, i.e. nt = N/L (number of turns divided by the
length of the solenoid), I is the magnitude of the current flowing through the
solenoid and b is the number of layers, l is the length of the solenoid, a is the
radius of the solenoid, and z is the horizontal distance along the centerline of
the solenoid.
The maximum centerline magnetic field strengths are calculated in Table 3.2.
Although the solenoid current can be raised, values above 4.0 A were not used
as it was observed that as the temperature of the solenoid increases rapidly and
this led to non-uniformity across the length of the wire as well as inconsistencies.
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Figure 3.7: Diagram of a solenoid for the calculation of the magnetic field
strength
Table 3.2: Calculated maximum centerline magnetic field strengths







In the development of Ni80Fe20/SiO2/Cu composite wires, a magnetron sputter-
ing system, as shown in Figure 3.8, was used to fabricate the seed layer of gold
or silver and SiO2 layer for some of the wires. The to-be-deposited specimens
are mounted onto the wire holders before placing it in the deposition chamber.
After the chamber is closed, the vacuum pump is turned on till the vacuum con-
ditions are reached. During this time, deposition parameters are entered into
the system. When the targeted vacuum conditions are obtained, the deposition
process begins. When the deposition is completed, the specimens are taken out
of the chamber.
81







Figure 3.8: Photograph of the Denton Discovery 18 system
Table 3.3: Sputtering conditions
The sputtering machine Denton Discovery 18
Base pressure 3 ∗ 10−6 torr
Deposition pressure 7.5 mTorr
Deposition power 200 W
Deposition temperature room temperature
Deposition mode DC
It is worth noting that the sputtering of either SiO2 layer or seed layer is firstly
done on the upper side of the wire specimens on the wire holder, and then the
wire holder is manually flipped after the chamber is open, allowing the deposi-
tion on the other side of the specimens by repeating the sputtering process.
The experimental condition of sputtering process is summarized in Table 3.3.
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Figure 3.9: Photo and schematics of a SEM machine
3.3 Characterization setups
3.3.1 Scanning electron microscopy
The surface topography and diameter of the specimens are obtained using the
JEOL 5500 scanning electron microscopy (SEM) machine, whose photo and
schematics are shown in Figure 3.9. The machine’s working mechanism is based
on the phenomenon that low energies secondary electrons (SE) are emitted
from the specimen when an electron beam shot out by the electron gun, with
high energies within the range of 10-20 keV, is scanned across a portion of the
conducting sample surface as it passes through the microscope column, by the
application of either magnetic field or electric field to control the electron beam’s
movement.
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The finely focused electrons from the electron gun collide with the electrons of
the atoms on the sample surface, hitting them out of their orbits to become SE.
The amount of SE emitted is dependent on the surface topography,and which
indicates the surface smoothness of the sample. Some incident electrons may
collide with the nucleus of the sample atoms instead. As a result,these electrons
are being bounced back and out of the sample as backscattered electrons (BE).
BE also provides surface topography information in that it can be used to
identify the area of the sample that have differing average atomic number, since
the amount of BE emitted is related to the atomic number of the scanned sample
area. The data of SE and BE are continuously being detected and collected on
the detectors as the microscope travels from pointwise across the surface. The
retrieved data is then processed by the computer which produces the SEM
image on a cathode ray tube screen. The large depth of focus of SEM machine
enables clear, high resolution three-dimensional specimen images. The higher
the magnification, the smaller the sample area scanned under the electron beam.
3.3.2 Energy dispersive X-ray
The composition data of the specimens are measured using Energy Dispersive
X-Ray (EDX). The EDX is a method used to determine the energy spectrum
of X-ray radiation. As an attachment to the scanning electron microscope,
the EDX can be operated on the JEOL SEM machine. The EDX attachment
comprises of Lithium drifted Silicon (SiLi) detector protected with a Beryllium
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(Be) window, and is to function in a liquid nitrogen atmosphere in the purpose
of reducing the electronic noise by cooling.
The specimen is bombarded by an electron beam of the SEM. Electrons are
ejected from the atoms of the specimen’s top surface. The resultant electron
vacancy is filled by an electron from a higher shell. An x-ray is emitted to
balance the energy difference between the two electrons. This emitted X-ray,
which is generated in a region about 2 microns in depth, is unique to the element
of the specimen. The EDS X-ray detector measures the number of emitted x-
rays versus their energy. A photoelectron is produced when the X-ray photon
hits the detector and causes electron-hole pair to form as it moves through the
semiconductor that is polarized by high voltage, causing these electrons and
holes to be attracted to the opposite ends of the detector, resulting in a current
pulse. The amount of the current pulse generated is controlled by the quantity
of electron-hole pair, which in turn is determined by the energy of the X-ray.
Since the energy of the x-ray is characteristic of the element from which the
x-ray was emitted, using element mapping, a spectrum of the energy versus
relative counts of the detected x-rays indicates the elemental composition of the
scanned area of the specimen. The limitations of the EDX are that it has a
maximum error of approximately ±1% and that elements with atomic number
smaller than Boron are difficult to identify using this method.
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Figure 3.10: Photos showing: (a) Philips 7000 diffractometer; (b) measure-
ment stages in the diffractometer.
3.3.3 X-ray diffraction
X-Ray Diffraction (XRD) is a technique used to characterize the crystallographic
structure, crystallite size (grain size), and preferred orientation in polycrys-
talline or powdered solid samples. In this project, XRD diffraction measurement
was done by a Philips 7000 diffractometer (Figure 3.10) with Cu Kα radiation.
θ − 2θ scans were performed at 2 ◦min−1. The X-ray used in the machine is
generated by an X-ray tube. Upon hitting the crystal lattice of the thin film
samples, these X-rays get scattered in all directions by the electrons associated
with each atom or ion that lies within the beam’s path (Figure 3.11). Destruc-
tive interference occurs when most of the scattering interferes with itself and
is eliminated; constructive interference occurs when some scattered X-rays in
certain direction are in phase with those from other atomic planes, resulting in
reinforcement of the wave amplitude. The condition for diffraction is governed
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Figure 3.11: Bragg’s Law
by the Bragg’s law, which can be expressed as
nλ = 2d · sin θ (3.7)
where n is an integer determined by the order given; λ is the wavelength of
X-rays, and moving electrons, protons and neutrons; d is the spacing between
the planes in the atomic lattice, and θ is the angle between the incident ray and
the scattering planes.
Since each crystalline plated material has a characteristic atomic structure,
diffraction of the X-rays results in a unique characteristic pattern observed.
Based on the different intensities of X-rays detected at different incident angles,
the XRD spectra of NiFe/Cu composite thin films obtained by electrodeposition,
for example, can be obtained, as shown in Figure 3.12. Hence, the crystalline
lattice structure of the deposited layer can be identified. The approximate
nanocrystalline grain sizes of the of the measured materials can be calculated
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Figure 3.12: XRD data of NiFe/Cu composite thin film





where t is the diameter of crystal particle, and Bd is the broadening of diffraction
line measured at half its maximum intensity (radian).
3.3.4 Hysteresis loops measurement by inductive tech-
niques
The hysteresis loop of the specimen were measured by the conventional inductive
techniques, using the AC loop tracer setup as shown in Figure 3.13. The sample
under test with a permeability µ, was centrally placed in one of the identical
pick-up coil pair (coil 1 with the sample and coil 2 without), which was were
mounted on a PCB strip. The PCB strip was placed in the horizontal central
plane of a solenoid with diameter r in such a way that the pick-up coil pair
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Figure 3.13: Schematic diagram of the AC hysteresis loop tracer
was in the center of the solenoid. The AC current i generated by the signal
generator was passed through the solenoid, producing a varying magnetic field
of H = i/(2pir) at the center line of the solenoid.
According to Faraday’s law, the induced voltages V1 and V2 in coil 1 and coil 2,













where S = pir2 is the area of the coil 1 or coil 2.
The difference of V1 and V2 was integrated and amplified A times before injecting
into the Y-channel of the oscilloscope. Thus the voltage signal at the Y-channel
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= A(µ− µ0)i · S
2pir
= A · S · (B − µ0H) (3.11)
And the signal at the X-channel of the oscilloscope is:
Vx = i · R = 2pirR ·H (3.12)









An example of hysteresis loops of three composite wires deposited by electrode-
position as mentioned in Section 3.2.2 (page 76), measured by the inductive
techniques, is shown in Figure 3.14.
3.3.5 Thermal stability testing setup
The setup for thermal stability testing is similar to a furnace annealing setup,
which consists of a tube furnace, an argon tank and a bottle of water, as shown
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Figure 3.14: An example of hysteresis loops measured by the inductive
techniques
in Figure 3.15. The furnace consists of an inlet and outlet for the argon gas
which flows continuously throughout annealing so as to prevent possible oxi-
dation of the wire. The change rate of temperature, the holding temperature
and the holding time of the heating and cooling process can be controlled by
the built-in programming device. The furnace is capable of heating up to a
temperature of 1200◦C and will be used in the study of this thesis to vary the
annealing temperature and duration. The heating and cooling rate was con-
trolled to 10◦C/min. The argon gas will be turned on 1 hour prior to annealing
to purge any impurities and ensure constant flow of noble gas during annealing.
Specimens to be annealed will be placed on a ceramic tray and be positioned at
the center of the tube furnace to ensure even heat distribution throughout the
entire wire.
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Figure 3.15: Schematics of the furnace setup
3.3.6 Impedance measurement setup
The impedance measurements of the specimens were carried out using an Ag-
ilent 4294A precision impedance analyzer, with a frequency range of 40 Hz to
110 MHz. The measurement schematic diagram is shown in Figure 3.16, and a
photo of the setup is shown in Figure 3.17. This setup is also used for charac-
terization of magneto-impedance (MI) effect of the specimens.
With a pair of Helmholtz coils for generating the external longitudinal mag-
netic field in this setup, the impedance of the specimens can be read out by
injecting an AC driving current from the impedance analyzer, with or without
the longitudinal magnetic field. The strength of the external magnetic field was
controlled by adjusting the current source connecting to the Helmholtz coils.
The RMS value of the AC driving current was normally kept constant at 10
mA, and its frequency ranged from 100 kHz to 50 MHz.
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Figure 3.16: Testing setup for magneto-impedance effect
Figure 3.17: A photo of testing setup
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Micro Magnetic Inductors in an
External Magnetic Field
In this chapter, the models, structures, and performances of the magnetic in-
ductors in an external magnetic field are studied.
The magnetic inductors can be realized in different shapes. It may consist of:
1) sandwiched thin film structures, or 2) ferromagnetic composite wire struc-
tures, i.e., wires of conductive core, coated with high permeability ferromagnetic
material.
Similar to the simple reluctance model of the magnetic stripe inductor as ana-
lyzed in [46], a model for the ferromagnetic composite wire inductor is presented
here. The models of the ferromagnetic composite wire inductor and magnetic
thin film inductor are shown in Figure 4.1.
4.1 Magnetic reluctance model
The magnetic flux travels circumferentially in the magnetic film layer. The
inductance L of this magnetic circuit is equal to 1/<, where < is the magnetic
94







Conductive core Magnetic film layer
Figure 4.1: The magnetic inductor of thin film structure, where tc is the
height of the conductive layer, tm is the thickness of the magnetic film layer








Figure 4.2: The magnetic inductor of composite wire structure, where Rc
is the radius of the conductive core, tm is the thickness of the magnetic film
layer e.g. permalloy, and l is the length of the wire
95
Chapter 4: Micro Magnetic Inductors in an External Magnetic Field
reluctance.
According to the general definition of the reluctance,





where µt is the transverse permeability of the magnetic film layer. The direction
of the magnetic field is along the center line of the cross section of the permalloy
film layer. The reluctance can be written as follows:
< = 2pi · (rc + tm/2)






pi · (2rc + tm)
µ0µ
′
t · l · tm
(4.2)
where rc is the radius of the conductor, tm is the thickness of the soft magnetic
film layer, l is the length of the structure, µ
′
t is the relative transverse perme-
ability of the permalloy and µ0 is the permeability of vacuum. For the case of


































where w is the width of the stripe inductor.
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4.2 Ferromagnetic composite wire inductor in
an external magnetic field
It can be seen from the magnetic reluctance model (Equations (4.3) and (4.4)),
that higher µt results in higher L. Thus the material of high µt is favorable
for the magnetic film layer of such magnetic inductors. However, the trans-
verse permeability of either the composite wire or the thin film structures with
a layer of high µt ferromagnetic material will be varied by the external mag-
netic field, especially in the longitudinal direction of the structure, due to the
magneto-impedance effect [129]. Consequently, the inductance L as well as the
quality factor Q of a magnetic inductor will be varied by an external magnetic
field, which may undesirably change the circuit performance if the circuit is cal-
ibrated with the absence of the magnetic field. Often in practical applications,
inductors may undergo magnetization caused by magnetic flux generated from
other circuit components, and, in certain applications, be exposed to a strong
environmental magnetic field. Therefore, it is necessary to have a quantitative
study on the effect of an external magnetic field on the L and Q of magnetic
inductors to estimate whether or not the changes of L and Q are within the
acceptable tolerance at certain operating frequencies.
The following sections are to investigate the effect of the external magnetic field
on ferromagnetic composite wire inductors, under different operating frequencies
of AC passing through the inductor, and at different placement angle (angle
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between the longitudinal direction of the wire inductor and the direction of the
external magnetic field).
4.2.1 At different frequencies
Figures 4.3, 4.4, and 4.5 show that the variation of the inductance, resistance
and quality factor, respectively, of the inductors against the external magnetic
field. It can be seen that as the applied external magnetic field Hext increased
from 0 to 43 Oe, under low operating frequencies, the inductance L increased
rapidly up to a certain extent in response to a threshold value of Hext, about
2.5 Oe, and then decreased rapidly with increasing Hext, down to a much lower
level, at which the value tended to remain unchanged as Hext further increased.
Such a variation could be due to the permeability of NiFe in variation with
Hext. Under sufficiently high operating frequencies (over 100 MHz), however,
the inductance L was almost unaffected by the changing of Hext. This could be
attributed to the skin effect, in which the current was mostly passing through
the ferromagnetic layer on the wire surface and thus not affected by the magnetic
field induced. On the other hand, at the sufficiently high operating frequencies,
the resistance Rs initially increased rapidly as the external field was increased,
up to a certain extent in response to a threshold value of Hext, about 2.5 Oe,
and then decreased as Hext further increased, down to a steady state at which
it remained almost unchanged as Hext further more increased. However, at the
low frequencies (< 500 kHz), Rs remained unchanged as Hext increased from 0
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Figure 4.3: Variations of the inductance L versus the external magnetic
field Hext at different operating frequencies
to 43 Oe. This can be explained by the current that passed mostly through the
copper core rather than through the NiFe coating layer because the skin effect
was insignificant at the low frequencies, knowing that the resistivity of NiFe is
much larger than that of copper.
Consequently, as shown in Figures 4.3, 4.4, and 4.5, the effect of external mag-
netic field Hext on the quality factor Q depended on the operating frequency.
There was a threshold value for the operating frequency, below which the lower
the frequency the less significant the variation of Q in response to variation of
Hext, and above which the higher the frequency the less significant the variation
of Q in response to variation of Hext. Also, at all the operating frequencies, the
effect of Hext became insignificant as Hext was increased above a threshold value
(about 2.5 Oe). These results can be explained by the definition of the quality
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Figure 4.4: Variations of the inductance L versus the external magnetic
field Hext at different operating frequencies

















Figure 4.5: Variations of the inductance L versus the external magnetic
field Hext at different operating frequencies
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factor Q :
Q = 2pif · L/Rs (4.5)
Synthesized Figures 4.3, 4.4, and 4.5, it can be seen that at the low frequencies
(<500 kHz), where a large portion of current flow in the conductor, with the
increase of the external magnetic field, the value of Q firstly increased then
slowly decreased. This was due to that the value of Rs at this range of frequen-
cies was almost unaffected by the external field (see Figure 4.4) and thus the
shape of Q curve followed the pattern of the L curve and the value of Q was
dominated by the operating frequency f. At the high frequencies (> 5 MHz),
however, where a large portion of current flow in the magnetic layer, with the
increase of the external magnetic field, the value of Q decreased first and then
increased, because the Rs in Equation (4.5) is dominating.
According to the results as shown in Figure 4.3, 4.4, and 4.5, it can be conclude
that the external magnetic field Hext may have significant influence on the L,Rs
and Q of magnetic inductors of composite wire structure. However, the influence
depends on the operating frequency of the inductor, and there is a threshold
value of Hext, above which the influence becomes insignificant. Therefore, if
the operating frequency of the inductor is properly selected, or a proper bias
magnetic field is added to the inductor, the effect of external magnetic field can
largely minimized.
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Figure 4.6: Variation of the normalized inductance Ln at 100 kHz, with
different angles between the magnetic field direction and the longitudinal of
the magnetic inductor
4.2.2 At different angles with the applied field
The effects of the direction of the external magnetic field Hext on the resultant
variation of L and Q of the ferromagnetic composite wire inductor in response
to the increase of Hext are shown in Figures 4.6 - 4.9.
To eliminate the errors introduced by the experimental measurement, the values
of L and Q were normalized by the values of L and Q for the case without an
external magnetic field. Given that θ = 0° is the longitudinal direction of the
composite wire inductor in parallel to the direction of the applied field, the
results of the normalized values of L at 100 kHz and 100 MHz for θ = 0°,
30°and 60° are shown in Figures 4.6 and 4.7, respectively, while the results for
normalized values of Q at 100 kHz and 100 MHz are shown in Figures 4.8 and
4.9, respectively. It can be seen that at a low operating frequency of 100 kHz,
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Figure 4.7: Variation of the normalized inductance Ln at 100 kHz, with
different angles between the magnetic field direction and the longitudinal of
the magnetic inductor





















Figure 4.8: Variation of the normalized quality factor Qn at 100 kHz, with
different angles between the magnetic field direction and the longitudinal of
the magnetic inductor
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Figure 4.9: Variation of the normalized quality factor Qn at 100 MHz, with
different angles between the magnetic field direction and the longitudinal of
the magnetic inductor
over the whole range of the applied magnetic field, the maximum difference
between the normalized L values for θ = 0° and θ =60° was less than 11%. At
the high frequency of 100 MHz, the maximum difference became much smaller,
2.3%. For the normalized values of quality factor Q, at the low frequency of 100
kHz, there was a threshold value with the external magnetic field Hext, below
which the maximum difference of the normalized Q for θ = 0° and θ = 60° was
30%, and above which the maximum difference of the normalized Q forθ = 0°
and θ = 30°was 9% and for θ = 0° and θ = 60° was 12%. At the high frequency
of 100 MHz, however, the difference of the normalized Q kept increasing with
the increase of Hext, at the maximum of Hext the difference reached a maximum
of 9%.
The overall results indicated that the effect of the external magnetic field on
the L and Q of a magnetic inductor of composite wire structure depends on
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the angle between the magnetic field direction and the longitudinal direction
of the inductor. However, such dependence became insignificant under the
external magnetic field of about 5 Oe for L at the low frequency of 100 kHz
(see Figure 4.6) and about 15 Oe for L at the high frequency of 100 MHz (see
Figure 4.7), indicating the possibility of a proper bias magnetic field applied to
the ferromagnetic composite wire inductor, with which the dependence of the
effect of the external magnetic field on the angle between the magnetic field
direction and the longitudinal direction of the inductor is insignificant.
4.3 Concluding remarks
In this chapter, the reluctance models for both thin-film and composite wire
structures are studied, and the effect of the external magnetic field on the per-
formance of ferromagnetic composite wire inductor is investigated. Specimens
of NiFe/Cu composite wire inductor were fabricated by electroplating. The in-
ductance L, resistance Rs, and quality factor Q of the inductors were measured
in the presence of an external magnetic field Hext varying in a range. The influ-
ence of the external magnetic field on the L, Rs and Q of the inductors, under
the conditions of different frequencies of operating current passing through the
inductors and different angles between the longitudinal direction of the inductor
and the external magnetic field direction, was studied. The results have pro-
vided important clues for the development of a novel tunable magnetic inductor
based on the composite wire, which will be discussed in next chapter.
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The key finding in this chapter are summarized as follows:
1. The external magnetic field may have significant influence on the induc-
tance, resistance and quality factor of ferromagnetic composite wire inductors,
depending on the operating frequency of the inductor. Therefore, if the operat-
ing frequency of the inductor is properly selected, the effect of external magnetic
field may be largely minimized.
2. There is a threshold value for the external magnetic field, above which the
influence becomes insignificant. Therefore, if a proper bias magnetic field is
applied to the inductor, the effect of external magnetic field can be largely
minimized.
3. The effect of the external magnetic field on the inductance, resistance and
quality factor of ferromagnetic composite wire inductors depends on the angle
between the magnetic field direction and the longitudinal direction of the in-
ductor. Such dependence becomes insignificant under certain conditions of the




The variable inductance characteristic of ferromagnetic composite microwires in
an applied magnetic field, as discussed in previous chapter, has led to the possi-
bility of development of a novel tunable inductor utilizing magnetic microwires.
In this chapter, an electrically tunable magnetic inductor, based on magneto-
impedance effect, is proposed, developed, tested and analyzed. A theoretical
model for the working mechanism of the tunable magnetic inductor is also de-
veloped. It is shown that in the tunable magnetic inductor, the tuning effect is
achieved by modulating the permeability of the soft magnetic layer in a mag-
netic film inductor.
One advantage of the proposed method is that the DC control current is not
superimposed onto the working current, which occurs in some other systems
[2], since there are now separate ports allocated for DC control current and
RF current. In addition, the variation of the inductance can be achieved by
the application of a small magnetic field, leading to a low level of DC control
current. Moreover, the use of the magnetic film for the inductance enhancement
yields smaller inductors.
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5.1 Device model
The proposed tunable magnetic inductor consists of two elements: a) a magnetic
inductor body, and b) an insulated control coil. The magnetic inductor body is
wound by an insulated coil that induces a longitudinal DC magnetic field when











Figure 5.1: Schematic diagram of the tunable magnetic inductor. The
working current is flowing through the magnetic inductor body. A DC control
current Ic is applied to the control coil winding around the magnetic inductor
body. The inductance L of the inductor varies with Ic.
As mentioned in Chapter 4, the magnetic inductor body can be realized in
different shapes of either sandwiched thin film structures or composite wire
structures. The expressions for inductance of reluctance model are shown in
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for ferromagnetic composite wire inductors, and
L
l







for thin film structured inductors, where w is the width of the stripe inductor.
As shown in Equations (4.3) and (4.4), the inductance of the magnetic induc-
tor body can be varied by: 1) the relative transverse permeability of the soft
magnetic material, µ
′
t, 2) the thickness of the soft magnetic film layer, tm , 3)
the radius of the conductor in composite wire inductor, rc, or the width of the
stripe inductor, w, and 4) the length of the structure, l.
As tm, rc, w and l are the physical dimensions of the structure, they cannot be
varied once the inductor has been produced. However, variance of the relative
transverse permeability µ
′
t of the soft magnetic material is possible. In non-
ferromagnetic metals, e.g. the conductor in the structure, µ
′
t is independent
of the operating frequency and the applied magnetic field; its value is near to
µ0 [130]. However, in a soft ferromagnetic material, e.g. permalloy film, the
magnetic permeability can be changed drastically (a few order of magnitude)
with application of a small magnetic field, resulting in the variation of the
values of the inductive and/or resistive component of the impedance. The high
permeability of the soft magnetic metals and their strong dependence on the
bias magnetic field are the origin of the Giant Magnetoimpedance (GMI) effect
[130].
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Based on the magnetoimpedance effect, the bias DC magnetic field, which is
applied along to the axis of the inductor body, can change the transverse per-
meability of the soft magnetic alloy, achieving the tunability of the inductance.
The bias DC magnetic field Hext is generated by the current flowing through
the coil wound around the composite wire or thin film inductor. The Hext is
given by:
Hext = NIc/lcoil (5.1)
where N and lcoil denote the number of turns and length of the control coil
respectively, and Ic is the DC control current.
As a result, by changing the amplitude of the DC current, the tuning of the
inductance of the magnetic inductor body is achieved. We can rewrite Equation












where f is the operating frequency.













The characteristics of µ
′
t(Ic, f) greatly depends on the properties of the magnetic
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material. A favorable magnetic material used in the tunable magnetic inductor
should have a transverse permeability that is a sensitive function of the applied
longitudinal magnetic field at the desired operating frequencies.
The transverse permeability µt of the permalloy film can be obtained from the
transverse B-H curve, according to the equation:
µt = 1 + χt = 1 + ∂M/∂Ht (5.4)
where χt is the transverse susceptibility of the magnetic film layer,M and Ht
denote the transverse magnetization and the transverse magnetic field produced
by the working current, respectively.
The calculation of the quality factor Q of the inductor is according to:
Q = 2pif · L/Rs (5.5)
where Rs is the resistance of the magnetic inductor body, which is in series with
the inductance L. Rs increases with the operating frequency due to skin effect.
5.2 Experiments, results and discussion
A prototype of the proposed tunable magnetic inductor was fabricated, as shown
in Figure 5.2. The overall size of the tunable inductor built was 5 mm × 2 mm
× 2 mm. The magnetic inductor body used in the prototype was of a composite
wire structure, consisting of a copper core, electrodeposited with a coating layer
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Figure 5.2: The testing setup of the fabricated inductor device. The com-
posite wire (not clearly visible from the picture) was placed in the glass tube
with control coil wound it.
of permalloy. The radius of the conductor (copper core) is rc = 10 µm. The
thickness of the permalloy film was tm = 2.5µm. The permalloy film (nickel
80%, iron 20%) was electroplated on the surface of the copper core [131]. The
length of the composite wire (magnetic inductor body) was 5 mm. The control
coil was made of 200 turns of insulated copper wires with a diameter of 0.25
mm. The lengths of the control coil lcoil and the glass tube were 3.5 mm. The
measured DC resistance of the control coil was 3.2 ohm. The control coil was
initially wound around a glass tube with the outer diameter of 0.5 mm, using a
modified micro-turning machine. After the coiling was finished, a layer of epoxy
was applied to the control coil to hold the coil together. The composite wire
was then placed in the glass tube with coil.
In the experiment, the control current applied to the control coil was generated
by a DC current source. The applied current was gradually increased with a
step of 2 mA in the region of 0 - 10 mA, and a step of 10 mA in the region
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of 10 - 100 mA. Agilent 4294A Impedance Analyzer was used to read out the
inductance Ls and quality factor Q values at the frequency range of 1 – 80 MHz.
Since the electrical resistivity of permalloy is 4-5 times higher than that of cop-
per, if the operating frequency is sufficiently low, most of the current will flow in
the conductive core. With the increase of the AC frequency, the resistive eddy
current losses increase and the skin effect becomes significant. Consequently, the
resistance of the conductor increases and the inductance which is contributed
by the soft magnetic film layer decreases with increasing AC frequency. This
suggests that adding an insulating layer between the conductive core and mag-
netic film layer will enhance the performance of the magnetic inductor body at
high operating frequencies, which will be further discussed in the last part of
this section.
To represent the tunability of the inductance, the relative variation of induc-
tance was defined as:
∆L/L0 = (L− L0)/L0 (5.6)
where L0 is the inductance of the tunable magnetic inductor without a bias
magnetic field.
Figure 5.3 shows the relative variation of inductance, ∆L/L0, with DC control
current for different operating frequencies. Figure 5.4 shows the variation of the
quality factor Q with the control current.
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Figure 5.3: Relative variation of inductance versus the control current at
different frequencies (L0 is the inductance when no magnetic field is applied
at each specific frequency, and ∆L is variation of inductance referenced to
L0);
Figure 5.4: Quality factor versus control current at different frequencies
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As shown in Figure 5.3, the inductance increased when the applied control
current was increased till a peak and then decreased with further increase of
the applied control current. The maximum variations of ∆L/L0 were 18%, 6%,
2.6%, and 2% at the frequency of 5 MHz, 16 MHz, 40 MHz and 80 MHz, respec-
tively. A peak could be observed when the control current was approximately
at 15 mA. The peak indicated that with the control current of less than 15 mA,
the inductor was able to reach the maximal variations of the inductance. The
DC power consumption required to achieve the maximum variation was 0.72
mW for Ic = 15 mA.
According to Equation (5.2), the relative transverse permeability of the permal-
loy film layer is proportional to the inductance. The inductance variation can be
explained with the response of transverse permeability in an amplitude-varying
longitudinal magnetic field. The transverse permeability is associated with wall
motion and rotational magnetization. At the operating frequency range of 1 – 80
MHz, which were higher than the relaxation frequency of domain wall motion,
the domain wall movements in the permalloy layer were nearly damped, and the
moment rotations dominated the magnetization process. Therefore, the trans-
verse permeability increases with increasing longitudinal magnetic field Hext
until reaching the anisotropy field. After reaching the maximum value of the
transverse permeability, the dynamic transverse permeability will decrease with
increasing Hext, until the magnetization is saturated.
The variation of the transverse permeability µt with the external field strength
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Figure 5.5: Simple model for the rotational magnetization of single uniaxial
domain of a magnetic inductor body in the composite wire structure
Hext can be calculated by using the simplest model of a uniaxial single domain,
as shown in Figure 5.6. Supposing the easy axis makes an angle θk with the
circumferential direction, the free energy of this system for magnetization Ms
tilted away from easy axis by angle θ is [132]:
E = K sin2 θ −MsHext sin(θ + θk)−MsHt cos(θ + θk) (5.7)
where K is the uniaxial anisotropy constant.
The equilibrium angle is determined by minimizing the free energy:
∂E
∂θ
= K sin(2θ)−MsHext cos(θ + θk) +MsHt sin(θ + θk) = 0 (5.8)
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where Mt is the magnetization in transverse direction.
Taking small Ht field approximation, the magnetic susceptibility in transverse





2(θ + θk) + cos(2θ)]
(5.10)
where Hk = 2K/Ms, h = Hext/Hk.
Using Equations (5.8) and (5.10), the field dependence of the transverse sus-
ceptibility for a given θk can be calculated, as shown in Figure 5.6 [96]. Under
the condition of θk < 60°, e.g. θk = 5°, when Hext/Hk increases from 0 to 5, the
susceptibility exhibits peaks near h = 1 or Hext = ±Hk, in accordance with the
patterns of the inductance variation curves as shown in Figure 5.3.
As observed in Figure 5.4, the quality factor was varied from 5 ˜ 17 at the
measured frequency range. When the biasing current increased from 1 mA to
15 mA, the increasing transverse permeability resulted in the increase of the
electric field and current density in the magnetic film layer [134], and thus
higher resistance Rs of composite wire inductor body, which was the major
factor for the decrease of Q in this region. With further increase of the bias
current, the permeability of the permalloy layer decreased and the conductivity
of the composite wire increased [134], resulting in the increase of values of Q at
different frequencies in the biasing current range of 15 – 100 mA .
Figure 5.7 shows the measured inductance L as the function of frequency and
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Figure 5.6: Simulation results of the external field dependence of the nor-
malized transverse susceptibility at different anisotropy angles
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Figure 5.7: Inductance versus frequency for different control current (0 -15
mA)
DC control current. The gradual decrease in L with increasing frequency is
mainly due to eddy current in the Ni-Fe layer [2].
The experimental results have shown and proven the feasibility of the tunable
magnetic inductor. It should be noted that the focus of the presented work
was on the feasibility of the proposed tunable magnetic inductor. Therefore,
the prototype constructed for the tests was not optimized. Compared to other
electrically continuous tunable inductors [2], the prototyped tunable inductor
exhibits a low power consumption to reach the maximum tunability (0.72 mW in
this work, 300 mW in [2]), and moderate values of Q (5 – 17 in this work, Q < 2
in [2]), and a limited inductance tuning range (maximum 18% in this work,
85% in [2]). The performance can be largely enhanced by optimization on the
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prototype, especially on the magnetic inductor body. Although the inductor had
a limited tuning range when the operating frequency was higher than 10 MHz,
which was mainly attributed to the skin effect that attenuated the variation in
permeability of the magnetic film layer, the tunability at high frequencies can
be enhanced by optimization of optimum design geometric parameters as well as
fabrication process. In addition, breaking up the magnetic film layer (permalloy
layer) into short segments (the exact proportions and dimensions are dictated
by the magnetic and dielectric parameters of the system) has been proven to be
effective in improving the performance of the magnetic stripe inductor in the 0.1-
1 GHz range [135], in terms of the quality factor, inductance enhancement and
parasitic LC resonance suppression. These approaches are expected to enhance
the performance of the tunable magnetic inductors studied in this work.
The materials of the magnetic film layer in the inductor body should meet some
basic requirements such as large lossless permeability in the desired frequency
range, high resistivity, process compatibility with integrated design [45], and
posses strongly field dependent permeability property. As the proposed inductor
is intended for the RF electronics applications, the possibility of using soft
ferrites that are currently used in the microwave applications, e.g. Ni-Zn ferrite,
and yttrium iron garnet for the magnetic film layer should be investigated.
It should be noted that the proposed design of the tunable magnetic inductor
(thin film type) may also be implemented with MEMS technology, which has
the potential to be integrated in the standard CMOS IC process, for various
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RF and electronic applications.
5.3 Concluding remarks
For integrated radio-frequency applications, tunable magnetic inductors are ex-
pected. A tunable magnetic inductor, based on magnetoimpedance effect, is
presented in this chapter. The proposed inductor is constructed with a mag-
netic inductor body, wound by an insulated coil, inducing a longitudinal DC
bias magnetic field when a DC control current is flowing through. Formed by
a conductive core coated by a high-permeability magnetic layer, the magnetic
inductor body can be realized by either a thin-film structure or a composite
wire. A prototype tunable magnetic inductor, using a composite wire element,
has been characterized. The results show that by varying the DC control cur-
rent, the inductance of the magnetic inductor can be tuned. The tunable range
depends on the frequency of the current flowing through the inductor. A rel-
ative variation of inductance ∆L/L0, up to 18% at low frequency (around 5
MHz), is achieved by applying a bias current of magnitude merely up to 15
mA. The quality factor varies from 5 to 17 in the measured frequency range.
Substantial further improvements in inductance variation and quality factor can
be expected from the optimizations on the magnetic inductor body, including
optimizing the conductive core and magnetic film layer structural designs, hav-
ing segmented structure of the magnetic films, and optimizing the fabrication
process for enhancing its high-frequency performance. The optimization of ge-
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ometric parameter and fabrication processes for the tunable magnetic inductor
will be discussed in later chapters.
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Chapter 6
Magnetic Layer Thickness Effect
on Ferromagnetic Composite Wire
Based Tunable Inductors
In the tunable magnetic inductor discussed in previous chapter, the performance
of the tunable magnetic inductor of composite wire structure was based on a
specific magnetic coating layer thickness. Since the thickness of the coating layer
may have crucial influences on the magnetic properties of NiFe/Cu composite
wires as the inductor bodies, and thus the performance of the tunable magnetic
inductor, it is necessary to have thorough investigation on such influences. In
this chapter, the effects of the NiFe layer thickness on the magnetic properties of
NiFe/Cu composite wires and the performance of the tunable magnetic inductor
will be discussed.
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6.1 Effect of the NiFe layer thickness on the
magnetic properties of NiFe/Cu wires
In this section, Ni80Fe20 layers with thicknesses tm ranging from 1 - 12 µm
were electrodeposited onto Cu wires of 20 µm in diameter, and characterized
by measuring the material composition, grain size, uniformity, and hysteresis
loops as well as the magnetoimpedance effect ratios of the composite wires.
6.1.1 Effect of thickness on Fe concentration
In order to confirm the existence of a composition distribution across cross-
section of the wire in the radial direction, composite wires were electrodeposited
using a single solution at different deposition times to obtain specimens of dif-
ferent tm. Using EDX, the surface Fe% was measured. As shown in Figure 6.1,
as tm was increased from 1 - 12 µm, the surface Fe concentration decreased from
28% to 18%, suggesting a distribution of composition across the radial direction
of the wire. This distribution may arise from the inability of the electrolyte
solution to replenish Fe2+ ions fast enough at the Nernst layer, thus eclipsing
the effect due to decreasing plating current density as tm increases during the
electrodeposition process. This distribution of composition increased as tm was
increased.
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Figure 6.1: Surface Fe% variations with coating thickness
6.1.2 Effect of thickness on uniformity
Specimens of Ni80Fe20/Cu composite wires with varying tm of 1 - 12 µm were
synthesized. It must be noted that the composition of the Ni-Fe layer was fixed
at 80:20 by the manipulation of the electrodeposition electrolyte. From obser-
vations using SEM, the surface smoothness and thickness uniformity improved
significantly with increasing thickness (Figure 6.2). The improved uniformity
will result in an enhancement of the soft magnetic properties of the ferromag-
netic layer [136] such as a decrease in coercivity.
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Figure 6.2: SEM photos of composite wires of coating thickness (a) 1 µm;
(b) 1.5 µm; (c) 4.45 µm; (d) 10.2 µm.
6.1.3 Effect of thickness on grain size
During electrodeposition, the plating current was held fixed at 1 mA throughout
the entire process. Thus, the plating current density decreases as the volume
Ni-Fe increased during the plating process. The calculated decrease in current
density with increasing tm is shown in Figure 6.3. The decrease of plating
current density with increasing tm will lead to an increase of the average grain
size of the Ni80Fe20 layer with increasing tm (see inset of Figure 6.3) [137].
6.1.4 The combined effect on coercivity
Increasing tm will increase the composition distribution across the radial di-
rection, increase the average grain size of the deposited layer and enhance the
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 Current Density (A/dm2)
Figure 6.3: Calculated plating current density with coating layer thickness.
The inset shows the effect of current density on average grain size.
uniformity of the layer. The increasing distribution of composition will cause
the value of magnetostriction to deviate from zero, resulting in an increase in
coercivity. Increasing grain sizes will result in increased coercivity when the size
is below the critical interaction length [131, 138]. The enhanced uniformity will
cause the coercivity to decrease. These effects balanced each other and thus the
coercivity of the deposited layer changes insignificant over a range of tm (Figure
6.4). Note that the surface composition of the specimen wires measured for the
coercivity (Figure 6.4) and magneto-impedance effect (Figure 6.5) were ensured
to be Ni80Fe20 by EDX. This composition was achieved by the manipulation of
the electrolyte concentration in the electrodeposition process. The inset graph
in Figure 6.4 shows the hysteresis loop of the specimen with tm at 1.5 µm,
displaying a low coercivity value of 0.2 Oe.
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Figure 6.4: Variation of coercivity Hc with coating thickness. Inset shows
hysteresis loop of specimen with tm at 1.5 µm
6.1.5 Effect of thickness on magnetoimpedance effect
As shown in Figure 6.5, the maximum MI% initially increases as tm is increased
till a critical range of 4 - 9 µm and later decreases with further increase in
tm. The trend of maximum MI ratio over tm was probably mainly due to
the coating thickness variation. Note that coercivity and permeability has an
inverse relationship with each other [138]. In the absence of an externally applied
field, the skin depth δ in the ferromagnetic layer is lower than its thickness at
sufficiently high frequencies [139]. Thus, almost all the alternating current will
be flowing in the outer Ni-Fe layer and the resistance (and thus impedance) is
sufficiently high. Due to the influence of the externally applied field, the effective
transverse permeability µt decreases, resulting in an increase in the skin depth in
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Figure 6.5: Variation of maximum MI% with coating thickness at 1 MHz
testing frequency. Inset graph shows the MI% variation with external field
for specimen with tm of 2.3 µm for different frequencies.
the outer Ni-Fe layer and impedance decrease. Thus, the alternating current can
also flow in the inner Cu core. As a result, the resistance of the wire decreases
and the ratio Z/Z0 increases. Thus, for a given frequency of the alternating
current, there is an optimum value of tm at which the variation of the wire
impedance is the maximum. Outside this critical range, the maximum MI%
ratio will deteriorate drastically. When δ is thicker than or near tm, most of the
alternating current will flow in the inner core with or without the presence of
an applied magnetic field. When δ is smaller than tm, even when the maximum
reference magnetic field is applied, most of the alternating current will flow in
the outer Ni-Fe shell in any situation. Both situations will result in low MI%
ratios.
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6.1.6 Concluding remarks
In this section, the magnetic properties of the deposited material of Ni80Fe20/Cu
composite wires in variation with the thickness of deposited layer have been
investigated. The results showed that thickness affects the composition of the
deposited material, which makes the coercivity increase with increasing the
thickness. It also affects the average grain size of the deposited material, which
makes the coercivity increase with increasing the thickness. It further affects the
uniformity of the deposited material, which causes the coercivity decrease with
increasing the thickness. As a combined effect of the thickness on the magnetic
properties of the deposited material, the coercivity of the material can be in a
dynamic constant state as the thickness varies. Under such circumstance, the
thickness has mainly geometrical effect on the MI of the composite wire.
6.2 Effect of NiFe layer thickness on the per-
formance of the tunable magnetic inductor
In this section, the purpose of the study is to investigate the performance of
the tunable magnetic inductors of composite wire structures in relation to the
magnetic coating thickness of the inductor body, tm.
A 3D model of the tunable magnetic inductor of composite wire structure,
with different thickness of magnetic coating layer, is shown in Figure 6.6. The
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control coil
magnetic coating 




Figure 6.6: A 3D model of the tunable magnetic inductor of composite wire
structure, with different thickness of magnetic coating layer
specimens of ferromagnetic composite wire inductor body were produced by
electroplating a layer of Ni80Fe20with varying thickness, tm, of 1 - 7 µm, onto a
Cu wire of 20 µm in diameter and 2 cm in length.
The performance of the tunable magnetic inductors in relation to the magnetic
coating layer thickness of the inductor body, tm was studied separately in low
frequency and in high frequency because the current distribution, and thus
the inductance and resistance as well as quality factor of the ferromagnetic
composite wire inductor body, are very different in low and high frequencies.
6.2.1 At low frequency
Figure 6.7 shows the inductance, L, of the ferromagnetic composite wire inductor
bodies of different coating layer thickness, tm, ranging from 2.3 µm to 6.2 µm,
versus the bias magnetic field, Hext, at a low frequency of 100 kHz. As can be
seen from Figure 6.7, the inductor body with thicker coating layer had larger
inductance when the bias magnetic field, Hext, was zero. As the coating layer
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Figure 6.7: Variations of the inductance L versus the bias magnetic field
Hext for the ferromagnetic composite wire inductors of different coating thick-
ness, at 100 kHz
thickness increased from 2.3 µm to 3.6 µm, 4.4 µm and 6.2 µm, the values of L
were 2.3 µH, 2.7 µH, 4.9 µH and 5.6 µH, respectively. When the bias magnetic
field, Hext, increased from zero to about 1.7 Oe, the values of L for all the
inductors of different thickness increased rapidly to the peak values, 3.4 µH, 4.1
µH, 5.2 µH, and 5.9 µH, which are 48%, 52%, 6%, and 5% increase respectively,
and then decreased with the further increase of Hext. It is interesting to see
that as Hext was increased to a level, at which the L for the inductor bodies
of different coating layer thickness reached a steady state as the bias magnetic
field was increased to 40 Oe, the values of L for all the inductor bodies were
almost equal, with the differences in less than 10%.
Figure 6.8 shows at 100 kHz, the resistance, Rs, of the inductor bodies of dif-
ferent tm ranging from 2.3 µm to 6.2 µm, versus the bias magnetic field, Hext.
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Figure 6.8: Variations of the resistance Rs versus the bias magnetic field
Hext for the ferromagnetic composite wire inductors of different coating thick-
ness, at 100 kHz
With a zero bias magnetic field, the values of Rs for the inductors of coating
layer thickness 2.3 µm, 3.6 µm, 4.4 µm, and 6.2 µm were 4 Ω, 4.8 Ω, 4.7 Ω, and
5.1 Ω, respectively. As the bias magnetic field increased from zero, for all the
inductors of different coating layer thickness, Rs decreased rapidly down to a
steady state as the Hext reached about 20 Oe.
Figure 6.9 shows the quality factor Q of the inductor bodies of different tm
ranging from 2.3 µm to 6.2 µm, in variation with Hext, at 100 kHz. The values
of Q for the inductors of coating layer thickness 2.3 µm, 3.6 µm, 4.4 µm, and
6.2 µm were 0.6, 0.35, 0.65, and 0.7, respectively, when Hext is zero, having
an overall trend of increasing with the coating layer thickness. As the bias
magnetic field, Hext, was increased from zero, the values of Q increased rapidly
with Hext and then decreased as Hext was further increased. As can be seen in
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Figure 6.9: Variations of the quality factor Q versus the bias magnetic
field Hext for the ferromagnetic composite wire inductors of different coating
thickness, at 100 kHz
Figure 6.9, the variations of Q with Hext are more significant for the magnetic
inductor bodies of thicker coating layer.
6.2.2 At high frequency
Figure 6.10 shows the inductance, L, of the inductor bodies of different tm
ranging from 2.3 µm to 6.2 µm, versus the bias magnetic field, Hext, at a high
frequency of 100 MHz. As can be seen from Figure 6.10, when Hext was zero, the
value of inductance, L, was first decreased with increasing tm, and then increased
with the further increase of tm . As the coating layer thickness increased from
2.3 µm to 3.6 µm, 4.4 µm and 6.2 µm, the values of L were 401, 391, 395 and
407 nH, respectively. When the bias magnetic field, Hext, increased from zero to
about 9 Oe, the values of L for all the inductors of different thickness increased
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Figure 6.10: Variations of the inductance L versus the bias magnetic field
Hext for the ferromagnetic composite wire inductors of different coating thick-
ness, at 100 MHz
to their peak values, 444, 420, 418, and 425 nH, respectively. The relative
changes of L (from the values when no bias field is applied) for the inductors of
tm = 2.3, 3.6, 4.4, and 6.2 µm were 11%, 7%, 6%, and 4%, respectively, showing
an overall trend of decreasing in the inductance gain as tm was increased. With
the further increase of Hext, the values of L for all the inductors of different
magnetic layer thickness decreased gradually. As Hext was increased to a level,
at which the L of the all inductors tended to reach a steady state as the bias
magnetic field was increased to 40 Oe.
Figure 6.11 shows the resistance, Rs, of the inductor bodies of different tm
ranging from 2.3 µm to 6.2 µm, versus Hext, at 100 MHz. With a zero bias
magnetic field, the values of Rs for the inductors of coating layer thickness
2.3 µm, 3.6 µm, 4.4 µm, and 6.2 µm were 73 Ω, 85 Ω, 116 Ω, and 126 Ω,
respectively. When Hext increased from zero to about 4 Oe, the values of Rs for
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Figure 6.11: Variations of the resistance Rs versus the bias magnetic field
Hext for the ferromagnetic composite wire inductors of different coating thick-
ness, at 100 MHz
all the inductors of different thickness increased to their peak values, showing a
trend of decreasing in the relative change of Rs as tm was increased. The values
of Rs for all the inductor bodies decreased with the further increase of Hext.
Figure 6.12 shows the quality factor, Q, of the inductor bodies of tm ranging
from 2.3 µm to 6.2 µm, in variation with Hext, at 100 MHz. The values of Q
for the inductors of coating layer thickness 2.3 µm, 3.6 µm, 4.4 µm, and 6.2 µm
were 3.5, 2.9, 2.1, and 2, respectively, when Hext was zero, having an trend of
decreasing with the increase of coating layer thickness. As the bias magnetic
field, Hext, was increase from zero, the values of Q decreased rapidly with Hext
and then increased as Hext was further increased. The variation of Q with Hext
in relation to the coating layer thickness was inversed to that for Rs with Hext,
as shown in Figure 6.12.
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Figure 6.12: Variations of the quality factor Q versus the bias magnetic
field Hext for the ferromagnetic composite wire inductors of different coating
thickness, at 100 MHz
6.2.3 Discussion
Figures 6.13 and 6.14 show ∆L/L0 versus Hext for the ferromagnetic composite
wire inductor bodies of different tm ranging from 2.3 µm to 6.2 µm, at a low
frequency of 100 kHz and at a high frequency of 100 MHz, respectively. The
inset graphs of Figure 3 show ∆L/L0 as a function of the coating layer thickness
under a weak bias magnetic field ranging from 0.9 Oe to 2.6 Oe. As can be seen
in Figure 6.13, the curves for tm = 2.3 µm and tm = 3.6 µm are similar, which
can be described as a pattern that, for most values of Hext in this study, the
larger the values of tm , the larger the values of ∆L/L0 whereas the curves for
tm = 4.4 µm and tm = 6.2 µm are similar in a different pattern, in which the
larger the values of tm, the smaller the values of ∆L/L0. Interestingly, as can
be observed in Figure 6.14, all the curves appear to follow a same pattern, in
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Figure 6.13: The relative variation of inductance, ∆L/L0, versus the bias
magnetic field, Hext, for the ferromagnetic composite wire inductors of dif-
ferent coating layer thickness tm ranging from 2.3 µm to 6.2 µm, at a low
frequency of 100 kHz. Inset graphs show ∆L/L0 as a function of the coating
layer thickness, tm , under a weak bias magnetic field ranging from 0.9 Oe to
2.6 Oe.
which the larger the values of tm , the smaller the values of ∆L/L0.
These pattern differences as observed in Figures 6.13 and 6.14, were possibly due
to the dominating magnetization process coupled with the effect of eddy current
loss, which increases as the thickness of the magnetic layer increases [140]. The
increase of the coating layer thickness tilts the direction of the easy axis of
the coating layer towards the wire axis, as the specimens were electroplated
with constant plating current, I. In the electroplating process of the specimens,
the magnetic flux density of the circumferential magnetic field induced by the
plating current, B, decreased along outward radial direction, as the coating layer
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Figure 6.14: The relative variation of inductance, ∆L/L0, versus the bias
magnetic field, Hext, for the ferromagnetic composite wire inductors of dif-
ferent coating layer thickness tm ranging from 2.3 µm to 6.2 µm, at a high
frequency of 100 MHz. Inset graphs show ∆L/L0 as a function of the coating
layer thickness, tm , under a weak bias magnetic field ranging from 0.9 Oe to
2.6 Oe.
thickness, tm , was increased,
B = µtI/2pi(rc + tm) (6.1)
Thus, as B was getting weaker, the direction of the easy axis was getting away
from the circumferential direction. Given that the easy axis makes an angle
θk with the circumferential direction, the field dependence of the transverse
susceptibility can be calculated, provided that the simple model of a uniaxial
single domain is used, as shown in Figure 5.6 on page 118.
Under the bias magnetic field, the increase of tm tilts the direction of the easy
axis towards the wire axis, and therefore, θk increases. When θk increases to
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certain level, e.g. 60°, the dominating magnetization process in the coating layer
is changed from domain displacement to moment rotation, indicating that the
increase of the coating thickness will have an equivalent effect of decreasing the
frequency of the AC current passing through the magnetic inductor.
At the frequency of 100 kHz, for the magnetic inductor bodies of coating layer
thickness 2.3 µm and 3.6 µm, the domain wall movements in the coating layer
were nearly damped, and the moment rotations thus dominated the magneti-
zation process. Therefore, the circumferential permeability, and thus ∆L/L0,
increased with increasing bias field until reaching the anisotropy field (about 1.7
Oe in this case), as shown in Figure 6.13. After the circumferential permeability
reached the maximum value, the dynamic circumferential permeability, so did
∆L/L0, decreased with increasing Hext, until the magnetization was saturated.
When the coating thickness, tm , increased to a certain level, e.g. 4.4 µm, how-
ever, the eddy current loss and domain movement dominated the overall effect.
The total circumferential permeability monotonically decreased with respect to
the bias field.
At the frequency of 100 MHz, for the inductor bodies of all thicknesses discussed,
the moment rotations and eddy current loss dominate the magnetization pro-
cess. The circumferential permeability and ∆L/L0 decreased with increasing
tm and θk.
The results shown in the inset graphs of Figures 6.13 and 6.14 indicate that
there is a critical thickness for the coating layer, below which the tunability of
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L under a weak bias magnetic field is high (up to 50.6% at 100 kHz and 5.3% at
100 MHz, when Hext is 1.7 Oe) and is proportional to the coating layer thickness
tm , and above which the tunability of L under a weak bias field is low (up to
6.6% at 100 kHz and 2.5% at 100 MHz, when Hext is 1.7 Oe) and is inversely
proportional to tm.
6.2.4 Concluding remarks
In this section, the performance of the tunable magnetic inductor of composite
wire structure, i.e., the variation of the inductance, L, resistance, Rs, and quality
factor, Q, of the studied inductors in relation to the magnetic coating layer
thickness have been investigated. The results showed that:
1. The variation of the inductance, resistance and quality factor of the studied
tunable inductors in relation to the magnetic coating layer thickness could be
due to the ferromagnetic composite wire inductors developed by electroplating
with constant plating current, which makes the composite wire having the angle
between the easy axis and transverse direction of the coating layer, θk, increases
with the coating layer thickness tm.
2. To the tunability of L of such tunable magnetic inductors, the increase of tm
has an equivalent effect as decreasing the operating frequency, f.
3. There is a critical thickness for the coating layer, below which the effect of
a weak bias magnetic field on the L is significant and is proportional to the
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coating layer thickness tm, and above which the effect of a weak bias magnetic
field on the L is insignificant and is inversely proportional to the coating layer
thickness, tm .
4. The thickness, tm , and the operating frequency, f, together, determine
whether the dominating magnetization process in the coating layer is domain
displacement or moment rotation, which consequently determines the response
of inductance, resistance, and quality factor under the bias magnetic field.
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Optimization of the Performance
of Tunable Inductors
To optimize the tunability and quality factor of the tunable magnetic inductor of
composite wire structure, the effect of current density and the effect of an applied
longitudinal magnetic field in the electrodeposition of the magnetic layer on the
inductance and quality factor of tunable magnetic inductor are investigated in
this chapter.
7.1 Plating current optimization
Electrodeposition parameters have significant effects on the magnetic proper-
ties of the specimens produced [137, 141, 142]. This section investigates and
discusses the effect of varying current densities, during electrodeposition, on the
tunability and quality factor of Ni80Fe20/Cu composite wires. It is widely known
that composition of the coating layer affects the magnetic properties of the wires
[143]. Changing the current densities during electrodeposition will result in vari-
ations of the coating layer composition and thickness. As a consequence, while
changing the current density during electrodeposition process, it is necessary to
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maintain the same composition and thickness of the plated layer by altering the
concentration of the electrolyte solution and the electrodeposition time.
In order to maintain the required NiFe composition ratio of 80:20, the required
amount of FeSO4 ·7H2O in the plating solution has to be increased exponentially
with increasing amplitude of the plating current, as shown in Figure 7.1 [137].
And in order to achieve a plated Ni80Fe20layer of 2 µm thickness, the plating time
has to be decreased linearly with increasing amplitude of the plating current, as
shown in Figure 7.2 [137]. It is worth noting that based on the amplitude of the
plating current, I, and the wire dimensions, the electroplating current density
J can be estimated by:
J = I/2pirl (7.1)
where r is the radius of the wire to be plated, l is the length of the wire sub-
merged in the electrolyte solution.
With reference to the above trends, Ni80Fe20/Cu composite wire specimens were
produced under a range of values of plating current. The amplitude of the
plating current I was varied from 0.3 to 12 mA. It should be noted that the
composition and thickness of the deposited layer was fixed to be the same, in
order to compare the wires. The inductance tunablity |∆L/L0|, for each of
these specimens were measured using the impedance analyzer.
Figure 7.3 shows the trend of plating current density on the maximum induc-
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Figure 7.1: FeSO4 concentration required to achieve the Ni/Fe ratio of
80:20 and 2 µm thickness under different current density





















Figure 7.2: Deposition time required to achieve the Ni/Fe ratio of 80:20
and 2 µm thickness under different current density
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Figure 7.3: The effect of plating current amplitude on the maximum induc-
tance tunablity |∆L/L0| at 100 kHz
tance tunablity |∆L/L0| at 100 kHz.
It can be seen that the maximum inductance tunablity |∆L/L0| decreased with
increasing plating current initially till the plating current around 1 mA, and
then increased with further increases of the amplitude of plating current.
In the electrodeposition process, a higher plating current would generate a
stronger circumferential magnetic field around the wire (see Equation (6.1) on
page 139). In the presence of a stronger circumferential magnetic field around
the wire, the magnetic domains in the deposited NiFe layer will have a closer
alignment to the circumferential direction. A greater circumferential anisotropy
will in turn result in improved circumferential permeability since it takes less
energy to realign the magnetic domains circumferentially [137]. This enhanced
circumferential permeability will result in increased sensitivity of the plated
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NiFe layer in response to the external magnetic field and thus results in higher
|∆L/L0| ratios of the composite wire, which well explains the maximum induc-
tance tunablity increased as the amplitude of the plating current I increased,
when I was higher than 1 mA.
However, the increase of the plating current will induce larger stresses in the
plated NiFe layer, which will reduce the permeability of the plated NiFe [144].
When the plating current is smaller than 1 mA, the stress induction might
dominate the overall effect [137]. Therefore, the maximum inductance tunablity
decreases with the increase of the plating current until 1 mA, as observed in
Figure 7.3.
Figure 7.4 shows the trend of plating current density on the maximum quality
factor Q. As shown in Figure 7.4, the trend curve of maximum Q increased
with increasing plating current initially till the plating current around 2 mA,
and then decreased with further increases in plating current.
Since the trend of plating current density on the maximum Q tends to be
the opposite to that of maximum |∆L/L0|, for the optimization on plating
current, there has to a trade-off between maximum inductance tunability and
maximum quality factor. If achieving higher quality factor weights more than
higher inductance tunability, the plating current should limit to a small range
around the critical current amplitude, which in this case is 2 mA. Otherwise
the plating current can be smaller or much higher than the critical current
amplitude to maximize the inductance tunability.
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Figure 7.4: The effect of plating current amplitude on the maximum Q
7.1.1 Concluding remarks
In this section, to find the optimum amplitude of the plating current for the
development of tunable magnetic inductors, Ni80Fe20/Cu composite wire speci-
mens have been produced under a range of values of plating current, while the
same composition and thickness of the plated layer were maintained by alter-
ing the concentration of the electrolyte solution and the electrodeposition time.
The results showed that there was a trade-off between maximum inductance
tunability and maximum quality. Depending on the specific applications, the
plating current can limit to a small range around the critical current amplitude
to maximize Q value, or the plating current can be smaller or higher than the
critical current amplitude to maximize the inductance tunability.
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7.2 Magnetically controlled deposition
The deposition in externally imposed magnetic fields is generally termed as
magneto-electrolytic deposition (MED). The beneficial effect of magnetic fields
on macroscopic properties, e.g. compactness and deposit uniformity, has been
known for nearly a century, and the effect on micro-scale behavior, e.g. growth
orientation, has been essentially verified in a quantitative sense within the last
two decades [145].
It has been shown that the magnetic field could modify the surface morphology
and preferential growth direction of nickel crystallites [145, 146, 147]. The
electrodeposition of iron under a magnetic field and the effect on the surface
morphology and the crystal orientation have been investigated [148, 149]. For
this reason, a similar magnetic field effect on nickel-iron deposition is expected
to modify the deposit morphology, chemical composition, or the kinetics of
electrodeposition steps [150].
In this study of the effect of applied magnetic field in electrodeposition of the
magnetic coating layer, a longitudinal magnetic field (HCtr) up to 573 Oe was
applied on the composite microwire during the deposition process. To eliminate
the effect of plated layer thickness or other unwanted factors that might vary
Q and L of the inductor, the temperature and pH value of the electrolyte were
maintained to their initial values for each deposition process.
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Figure 7.5: SEM pictures of electrodeposited microwires: (a) without a
magnetic field imposed in the deposition, (b) with 573 Oe field applied in the
deposition process
7.2.1 Effect on surface morphology of composite microwires
Figure 7.5 shows the effect of electrodeposition without and with the applied
magnetic field on the surface morphology of the composite microwires. The
specimen electrodeposited in the influence of 573 Oe longitudinal magnetic field
(Figure 7.5 (b)) was smoother than that without any longitudinal field influence
(Figure 7.5 (a)). This improvement of surface morphology may be attributed
to the application of a longitudinal magnetic controlling field, together with the
electrical field, imposed NiFe growth orientation during deposition, and thus
the uniformity of the plated layer was enhanced.
7.2.2 Effect on the performance of tunable magnetic in-
ductors
Figures 7.6 and 7.7 show the Fe content as well as the total diameter of the
plated wire, and the quality factor measured at 10 MHz under different Hext,
respectively, in relation to the applied magnetic field in electrodeposition, HCtr.
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Longitudinal field during deposition, HCtr, (Oe)
Figure 7.6: Fe% and total diameter of the plated wire in relation to the
magnetic field imposed during the electrodeposition process.
The quality factor was measured at 10 MHz which was observed to be the
optimum frequency for Q of all inductor specimens fabricated with imposed
longitudinal magnetic field.
The varying HCtr has no significant effect on the Fe content as well the overall
diameter of the plated wire, as shown in Figure 7.6. The slight variations can
be attributed to the randomness of the electrodeposition process and the slight
heating effect of the solenoid when the current passed through it. However, the
effect of varying HCtr on Q was more obvious, as shown in Figure 7.7. It can
be observed that the variation of Q followed and amplified the change of Fe%
shown in Figure 7.6, especially when a bias field Hext larger than 21 Oe was
applied.
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Longitudinal field during deposition, HCtr, (Oe)






Figure 7.7: Quality factor measured at 10 MHz under different Hext, in
relation to the magnetic field imposed during the electrodeposition process.
For the plated wire fabricated with 143 Oe imposed longitudinal field, the max-
imum quality factors obtained were 2.1, 4.4, 7.4, 9.7 and 11.6 for Hex = 0, 10,
21, 31, 43 Oe, respectively, which represents an averaged 23% (with 6% devia-
tion) increase from the one without the imposed field. It may be because the
Fe% was the closest to 20% with the 143 Oe imposed field. And the improved
uniformity of the plated material due to the imposed longitudinal field [96] may
facilitate amplifying the effect of different Fe% in the plated material on quality
factor. For the same specimen fabricated with 143 Oe imposed field, the vari-
ation of inductance value with the bias magnetic field is shown in Figure 7.8.
The inductance tunablity |∆L/L0| is up to 70% at 1 MHz, as the inductance
value decreases from 2000 nH to 611 nH with increasing Hext. Under a weak
bias magnetic field of 1.7 Oe, |∆L/L0| was 17% at 10 MHz. These values of
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Figure 7.8: Inductance value versus the bias magnetic field at different fre-
quencies, for the tunable inductor body electrodeposited with 143 Oe imposed
longitudinal magnetic field.
tunability are significantly larger than those reported previously [151].
The overall results of the electrodeposition with applied magnetic field indicate
that to optimize the quality factor and inductance tunability, the soft magnetic
layer of the composite wire inductor body should be plated with an external
magnetic field applied in the longitudinal direction to improve the uniformity
of the material, while maintaining the Ni/Fe ratio to as close as 80:20.
7.2.3 Concluding remarks
In this section, to optimize the tunability and the quality factor of the tunable
magnetic inductors of composite wire structures, the effects of a longitudinal
magnetic field applied to the electrodeposition of the magnetic coating layer in
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relation to the inductance and quality factor have been studied. The results
showed that:
1. Under the influence of a longitudinal magnetic field in the electrodeposi-
tion process, the surface morphology of the plated microwires were improved.
This improvement may be attributed to the application of a longitudinal mag-
netic controlling field, together with the electrical field, imposed NiFe growth
orientation during deposition, and thus the uniformity of the plated layer was
enhanced.
2. The variation of quality factor follows the change of Fe% in the Ni-Fe layer,
and the longitudinal field imposed during the electrodeposition process amplifies
such change due to the effect of uniformity improvement of the plated layer. An
averaged 23% increase of quality factor was observed for specimens fabricated
with 143 Oe imposed field, and inductance tunability was significantly higher
than previously reported results.
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Thermal Aspects of Composite Wires
for Tunable Magnetic Inductors
Thermal stability of the electrical and magnetic properties of the materials is an
important consideration for the inductor design, especially for tunable magnetic
inductors whose inductor body is copper and ferromagnetic material compos-
ites. Recently, numerous studies have indicated that thermal annealing strongly
affects the properties of magnetic materials. However, different methods of ther-
mal annealing were report to have varying effects: some showed improvements
while others proved to be detrimental. Therefore, it is necessary to know the
performance of tunable magnetic inductor in a high temperature environment,
and at the same time to understand the optimal thermal annealing conditions
in order to obtain high permeability and stress free material for inductors. The
thermal properties of the composite wires used in the tunable magnetic induc-
tors in this project has adopted furnace annealing as the thermal annealing
technique, to carry out thermal treatment on the composite wires and to under-
stand effect of thermal annealing on the performance of the tunable magnetic
inductors.
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8.1 Experiments
A batch of specimens of inductor bodies, i.e. composite wires, were produced
with electrodeposition, and measured for their hysteresis loops by VSM and
values of inductance and resistance by impedance analyzer. Upon the measure-
ments, the specimens were put into the furnace, varying at each time, either
the annealing temperature Ta or the annealing duration tan. Other thermal
annealing parameters, such as the heating and cooling rate, as well as the cool-
ing temperature, were kept constant. Argon gas was blown through the tube
furnace one hour prior to and during annealing to purge any impurities and
minimize oxidation. This entire heat treatment process will take approximately
a day. After annealing, the specimens were taken out and made to repeat the
hysteresis loop and inductance measurements to obtain the results of the wires
after annealing.
In order to determine if there is grain growth at various annealing temperatures
and duration, thin copper films were coated with NiFe by electrodeposition and
annealed at various temperatures. The grain sizes of the specimens at different
annealing temperatures were measured and characterized by XRD. The average
grain size was calculated using the Scherrer’s formula (Equation (3.8)).
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8.2 Effect of thermal annealing on material prop-
erties
This section discusses the effects of thermal annealing temperature and the
annealing duration on the plated material properties such as surface profile,
material compositions, grain size, hysteresis and coercivity.
8.2.1 Effect of thermal annealing temperature
Figure 8.1 shows the SEM pictures of the specimens before and after annealing
at different temperatures ranging from 210◦C to 1050◦C [152]. Before being
annealed, the wire showed a smooth surface. After annealing at Ta = 210
◦C,
it was noticed that the surface became slightly rougher, and upon annealing at
Ta = 550
◦C, the surface roughness drastically increased as particle sizes were
observed to increase. Such grain growth was because the annealing tempera-
ture is near to the material’s recrystallization temperature. By increasing the
annealing temperature to Ta ≥ 750◦C, the surface became very rough as the
particle size severely increased, to the extent that the grain amalgamation can
be identified.
The material compositions of the annealed specimens are summarized in Table
8.1. Generally, the composition of Ni decreased with the increase of tempera-
ture. This phenomena can be explained by the inter-diffusion of Ni and Cu in
the core-shell structure during the thermal annealing [153]. The thermal an-
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Figure 8.1: SEM pictures at 4000 magnifications of specimens before and
after thermal annealing at different temperatures
nealing causes the intermixing of nickel and copper, hence reduces the effective
layer thickness of the nickel-iron layer. This migration of nickel into copper
modifies the magnetic properties of the Permalloy into an alloy with less Ni
content.
The average grain size of thin films measured by XRD was increasing with
annealing temperature [152], as shown in Figure 8.2. This trend was similar to
that obtained by Ebrahimi [154], who explained the mechanisms of grain growth
at high and low temperatures: grain growth at low temperature takes place via
diffusion and atomic movement within grain boundaries while lattice diffusion
controls grain growth at high temperatures.
Table 8.1: Material compositions of the annealed specimens at different
annealing temperatures
Temperature(◦C) 0 210 250 350 450 550 750
Composition(Ni%) 80±1% 76.64 74.22 72.27 72.98 69.69 20.89
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Figure 8.2: Percentage change in grain size with annealing temperature
Figures 8.3 and 8.4 show the zoom-in graph of hysteresis loops and coerciv-
ity, respectively, at different annealing temperatures. The coercivity was seen
to be increased with the increase of annealing temperature. Therefore it can
be inferred that the permeability decreases as the annealing temperature in-
creases, which could be attributed to the domination of inter-diffusion, surface
roughening and grain growth effects, despite the stress relief effects.
8.2.2 Effect of thermal annealing durations
Figure 8.5 shows the change in surface profile of the specimens with differ-
ent thermal annealing durations. The specimen before annealing was generally
smooth. Upon annealing, the surface roughness was observed to increase, with
significant increases in the surface roughness observed for specimens undergoing
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Figure 8.3: Zoom-in of hysteresis loops at different annealing temperatures




















Annealing Temperature  ( oC)
Figure 8.4: Percentage change in coercivity with annealing temperature
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Figure 8.5: SEM pictures of specimens before and after annealing at differ-
ent thermal annealing duration
annealing for periods of more than 30 minutes.
Table 8.2 summarized the material compositions of the annealed specimens at
different annealing durations when the annealing temperature is 210◦C. No sig-
nificant change in the Ni content at different annealing durations was observed.
This might be because at 210◦C, the annealing temperature is below the inter-
diffusion temperature of around 250◦C [153], when nickel diffuses preferentially
into the copper core.
Figures 8.6 and 8.7 show the how the thermal annealing durations affect spec-
imens’ grain size and coercivity, respectively [152]. As shown in Figure 8.6,
there is a slight decrease in the average grain size for film specimens annealed
at 210 ◦C but an increasing trend was observed for the specimens annealed at
Table 8.2: Material compositions of the annealed specimens at different
annealing durations (Ta = 210
◦C)
Duration (mins) 0 15 30 45 60 120
Composition (Ni%) 80 80.79 81.58 80.77 76.64 79.65
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Figure 8.6: Percentage change in grain size with thermal annealing duration
at (a) Ta = 210
◦C, and (b) Ta = 750
◦C
750 ◦C, with increasing annealing duration. As shown in Figure 8.7, there is
an increasing trend in coercivity with increasing annealing duration, which well
corresponds to that reported by Herzer [138], who reported that grain growth
in the nano-size region will result in an increase in coercivity which leads to a
reduction in permeability.
As explained earlier, due to a combination of phenomenons such as grain growth,
composition change, and residual stress relief, occurring during the thermal an-
nealing process, the resulting magnetic properties of the annealed specimens will
be affected. At elevated temperatures, grain growth and composition change
dominate the resultant effect. Upon annealing, the composition deviates from
that of Permalloy, thus reducing the overall permeability of the material. Fur-
thermore, grain growth during annealing increases coercivity which leads to a
reduction in permeability. The contribution of stress relief in this case is rela-
tively lesser, as the time taken for stress relief is finite. Thus, after a period of
time, the effect of stress relief to coercivity gradually becomes insignificant.
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Figure 8.7: Percentage change in coercivity with annealing duration at 210
◦C
8.3 Effect of thermal annealing on inductance
tunability and quality factor
In this section, the effects of thermal annealing temperature and duration on
the aspects of inductance tunability and quality factor for tunable magnetic
inductors, will be discussed.
Figure 8.8 shows the inductance tunability, i.e., ∆L/L0, before and after ther-
mal annealing at 210◦C and 750◦C, versus the applied magnetic field at different
operating frequencies. As shown in Figure 8.8 (a) and (c), before thermal an-
nealing, there were ”double peaks” at a low frequency of 400 kHz when the
applied magnetic field is small (less than 10 Oe), and after annealing, these
peaks were not identified in the low frequency region. This difference in peak
behaviors might be because the thermal annealing has caused: 1) the deviation
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Figure 8.8: Inductance tunability, ∆L/L0, versus applied magnetic field
Hext at different operating frequencies: (a) before 210
◦C annealing, (b) after
210◦C annealing, and (c) before 750◦C annealing, (d) after 750◦C annealing.
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of the anisotropy of the annealed wires to near longitudinal direction, as implied
by the trend of coercivity with Ta shown in Figure 8.4, and 2) inter-diffusion
effect that ”shifts” boundary of the NiFe and Cu layer. As the inter-diffusion
changed the distribution of nickel-iron and copper, the skin depth δ =
√
ρ/µpif
of the wire also changed. During annealing, since longitudinal anisotropy dom-
inates, the effective circumferential permeability µt decreases, resulting in an
increase in the skin depth, δ, in the outer NiFe shell. This change in skin depth
implies an increase in frequency which explains in the annealed specimens, the
absence of ”peaks” in low frequency region.
Figures 8.9 and 8.10 show the effects of temperature and duration, respectively,
on the maximum inductance tunability as well as the quality factor obtained
when the maximum inductance tunability appears. The negative change of
maximum inductance tunability caused by thermal annealing shows an increas-
ing trend with either annealing temperature increases or annealing duration
increases. Similarly, the negative percentage change of quality factor also in-
creases with the increase of temperature or duration. In other words, the higher
the annealing temperature, or the longer the annealing duration, the more se-
vere reduce in inductance tunability and quality factor. This phenomena could
be explained by the decrease of circumferential permeability due to the ther-
mal treatment, as in a simplified model with first order approximation, the
inductance can be expressed by Equation (2.33):
L = 0.175µ0lf〈µr〉/ω
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Figure 8.9: Percentage change in maximum inductance tunability and qual-
ity factor with thermal annealing temperature
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Figure 8.10: Percentage change in maximum inductance tunability and
quality factor with thermal annealing duration














where where c is the speed of light, σ is the electrical conductivity, and f = ω/2pi
is the frequency of the alternative current flowing along the wire, a is the radius
of the wire.
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8.4 Concluding remarks
The characterization of thermal profiles of the composite wires used in the
tunable magnetic inductors has been studied in this chapter. The thermal
treatment has adopted thermal annealing technique. The effects of annealing
temperature up to 1050 ◦C and annealing duration on the composite wires’
material properties such as surface profile, material composition, grain size, and
coercivity, and on the performance parameters of tunable magnetic inductor like
inductance tunability and quality factor, have been investigated. The results
have shown that:
1. In general, the surface roughness, average grain size, and coercivity of the
composite wires increased with the thermal annealing temperature, Ta. At high
annealing temperatures, especially above the recrystallization temperature of
550 ◦C, the roughness increased drastically, and the coercivity increased sig-
nificantly when Ta ≥ 950◦C, suggesting that the degradation of the magnetic
properties was more pronounced. This was due to a decrease in permeability
that was attributed to grain growth and inter-diffusion between the copper core
and NiFe shell, despite the effect of stress relief by thermal annealing.
2. The surface roughness, grain size, and coercivity of the composite wires were
found to be increased with the increasing annealing duration. Similarly, such
effect was due to the grain growth and permeability reduction.
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3. The decrease of circumferential permeability has also caused the degradation
of inductance tunability. The reduce of maximum inductance tunability and




Effect of Insulation Layer on Fer-
romagnetic Composite Wire Based
Tunable Inductors
This chapter will discuss the effects of insulation layer between the copper core
and magnetic shell, on the magnetic properties of the NiFe/Cu composite wires
and on the performance of the tunable inductors based on composite wires.
Theoretically [139, 155, 156] for magnetic-shell/conductive-core structured com-
posite wires, the presence of the highly conductive core in the composite wires
have accounted for the significant enhancement of the giant magnetoimpedance
(GMI) effect, which is in favor of the inductance tunability of the tunable mag-
netic inductors. However, theory predicts higher field sensitivity of the GMI
in comparison with that obtained in experiments [157]. It is likely related to
defects at the core-shell interface reducing magnetic softness of composite wires.
One method to address the defects problem is to add an insulation layer be-
tween the core and the magnetic shell. Studies of multilayered film structures
have showed that the GMI effect in films with insulation layers is higher than
that in films without insulation layers [158, 159].
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Adding an insulation layer prevents the penetration of the driving current into
the magnetic shell. However, the change of the magnetic flux induces eddy
currents in the shell. Since the permeability of the shell depends significantly
on the external magnetic field, the distribution of the eddy currents in both the
core and shell varies with the external field, which results in the field dependence
of the impedance [157]. In this regard, a theoretical model to calculate the
magneto-impedance in the composite wires with the insulation layer between the
non-magnetic core and magnetic shell was developed [157], and the calculation
results showed that the adding of the thin insulator layer would lead to the
enhancement for both the diagonal and off-diagonal impedance at sufficiently
high frequencies, assuming that magnetic properties of the composite wire do
not change after the addition of the insulation layer, and the magnetic shell has
a helical anisotropy and no driving current flows in the shell.
However, the recent experimental data of composite wires with insulation layer
were not well consistent with the theoretical model - while some of such compos-
ite wires, e.g. CuBe/Insulator/NiFeB electroless-deposited wires [105], showed
improvement of the GMI ratios, others, e.g. magnetron sputtered NiFe/SiO2/Cu
wires [160], actually attenuated the GMI effect with the added insulator layer.
The conflicting experimental results, coupled with the still unclear physical
mechanism of impedance variation in the composite wires with insulation layer,
demand more experimental and theoretical studies on such ferromagnetic /in-
sulation /Cu composite wires.
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In the study of this chapter, two types of electrodeposited Ni-Fe/seed layer/insulation/Cu
wires, with different implementations of the insulator layer have been developed
and characterized, and their GMI effects, inductance variations, and quality fac-
tors have been studied and compared.
9.1 The insulation layer and experiments
Generally speaking, the NiFe/insulation/Cu composite wire should consist of 4
layers, if the NiFe layer is deposited by electroplating:
1. Copper wire as the core;
2. Insulation layer on top of the copper core;
3. Conductive coating on top of the insulator layer; and
4. Nickel-iron coating on top of the conductive surface.
On a metal surface, the insulation layer can be deposited by several methods,
e.g. SiO2 sputtering, electroless deposition of silicate layer, chemical vapor
deposition of aluminium oxide, and sol-gel coating on copper. Despite the fact
that there are many well developed method such as sputtering, sol-gel, spin
coating, dip coating and chemical vapor deposition, extra consideration should
be taken when the insulation layer is used in the magnetic sensing element,
which requires the insulation layer to be ultra thin (less than 1 µm is preferred)
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SiO2 layer: (a) cast from the melt  (CW-GC)








Figure 9.1: Schematics of NiFe/seed layer/SiO2/Cu wire, where rc is the
radius of copper core, tins is the thickness of the SiO2 layer, and tm is the
thickness of the NiFe layer.
Figure 9.2: Fabrication processes of NiFe/insulation/Cu composites wires
and homogenous on its surface, and most importantly, not to negatively affect
the magnetic properties of the outer NiFe layer.
The insulation layers of these two types of composite wires were fabricated by
glass-coated melt spinning process (CW-GC ), and sputtering SiO2 (CW-SP)
respectively.The schematics of the two types of composite wires are shown in
Figure 9.1. The fabrication processes of composite wires CW-GC and CW-SP
are summarized in Figure 9.2.
For wire of CW-GC, a glass coated copper wire of 30 µm diameter was used,
which was obtained by drawing the end of the Pyrex tube that contains the
molten copper. The radius of the copper core, rc, is 8.5 µm. The thicknesses of
the SiO2 layer (tins) and Ni-Fe layer (tm) are 6.5 µm and 3.8 µm, respectively.
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For wire of wire of CW-SP, a SiO2 layer of 0.2 µm was sputtered at room
temperature on a cold-drawn copper wire of 20 µm in diameter, using the Denton
Discovery 18 sputtering system. It is worth noting that the sputtering of the
SiO2 layer was firstly done on one side of the horizontally placed copper wire
samples, and then on the other side of the sample after they were manually
flipped. The thickness of the electrodeposited Ni-Fe layer, tm, is 1.8 µm.
In order to electroplate the soft magnetic layer, Ni80Fe20, onto the glass covered
layer, an intermediate metallic layer or a seed layer [161], was firstly sputtered
on the glass layer. The seed layer for the studied composite wires was 200
nm thick sputtered Au layer. The surface layer Ni-Fe was deposited onto the
targeted wires using DC electrodeposition. The surface profile and the material
composition of the sample wires were characterized by SEM and EDX machines,
respectively.
9.2 Effect of insulation layer on the magnetic
properties, impedance, inductance and Q
The surface of composite wire CW-GC was observed to be smooth and homo-
geneous, while that of composite wire CW-SP was relatively less homogenous,
as shown in Figure 9.3. The EDX scanned result showed that Ni/Fe compo-
sition ratios are 79:21 for both types of composite wires with insulation layer.
The hysteresis loops of composite wires of NiFe/Cu, CW-GC and CW-SP are
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Figure 9.3: SEM photos for NiFe/insulation/Cu composites wires: (a) com-
posite wire CW-GC ; (b) composite wire CW-SP.
shown in Figure 9.4. Both types of composite wires with insulation layer have
similar hysteresis, with the coercivity field of 85 A/m (around 1 Oe), which con-
firms that the plated material, Ni-Fe, in the outer shells of both types of wires
have similar magnetic softness. However, it is also shown in Figure 9.4 that
the coercivity of NiFe/Cu wire is much less than those of NiFe/insulation/Cu
wires, indicating the surface layer of NiFe on NiFe/Cu wire has higher perme-
ability than the other two. However, it should be noted that the experimental
parameters, e.g. plating current density, were optimized for the fabrication of
NiFe/Cu wires. Thus it is reasonable to expect less optimal magnetic properties
for NiFe/insulation/Cu wires compared to NiFe/Cu wire.
Figure 9.5 shows the field dependence and frequency dependence of the magneto-
impedance (MI) ratios for NiFe/Cu composite wire and NiFe/SiO2/Cu compos-
ite wires. The maximum peaks of the MI ratios for NiFe/Cu, CW-GC, and
CW-SP composite wires are 257%, 227%, and 162%, respectively. Although
the peak MI ratios of both electroplated NiFe/SiO2/Cu composite wires (CW-
GC and CW-SP) are significantly larger than other reported MI results of
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Figure 9.4: Hysteresis loops of NiFe/Cu composite wire and
NiFe/insulation/Cu composite wires ( CW-GC and CW-SP )
Ni-Fe/insulation/Cu composite wires [160], which obtained a peak MI ratio of
102% through a magnetron sputtered NiFe/SiO2/Cu composite wire, the MI
ratios of composite wires with insulation layer are shown to be less than that
of NiFe/Cu wire at most frequencies measured, similar to the results obtained
in [160], which reported that only appropriate thickness values of the magnetic
coating and insulation layer can enhance the MI ratio. The magnetic layer
and insulation layer construct two capacitances. When the AC current follows
through the wire, the capacitance due to the magnetic layer may change because
of the field dependent magnetic permeability. Thus, the interactions between
the two capacitances create an optimum insulator thickness.
Among the two composite wires with insulation layer, the peak MI ratio of
CW-SP is shown to be less than that of CW-GC. This might be ascribed to
the less homogeneous surface of CW-SP, which negatively affects the magnetic
properties of the NiFe layer, compared to CW-GC. The surface unevenness
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Figure 9.5: Magneto-impedance testing result of specimens of (a) NiFe/Cu
composite wire, (b) composite wire CW-GC, and (c) composite wire CW-SP.
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of the Ni-Fe layer of CW-SP might be because the sputtered SiO2 layer and
seed layer might not be cylindrically symmetric due to the sputter-flip-sputter
process, which makes the sputtered sample more likely to be an elliptic cylinder.
Figure 9.6 shows the inductance values of NiFe/Cu composite wire and NiFe
/SiO2 /Cu wire specimens of same length. Similar to the analysis of phe-
nomenology of magneto-impedance of composite wires, the inductance curves
exhibit single peaks and double peaks behaviors, depending on the frequency.
Interestingly, All the maximum inductance appeared at 100 kHz, and the maxi-
mum inductance value of 2178 nH for CW-GC wire are much larger than those
of other 2 wires, whose maximum inductance are 1309 nH and 1052 nH, for
NiFe/Cu and CW-SP wire, respectively.
According to the inductance model for composite wire (refer to Section 4.1 on

















where tm is the thickness of the magnetic layer and rc is the radius of the
conductor core.
Based on the model discussed, the simulation result and measured values of
maximum inductance varying with tm/rc ratios are shown in Figure 9.7. The
simulation result of model with relative permeability µr = 3000 matches well
with the measured data of composite wires with insulation layer (CW-GC and
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Figure 9.6: Measured inductance of specimens of (a) NiFe/Cu composite
wire, (b) composite wire CW-GC, and (c) composite wire CW-SP, under an
applied magnetic field up to 43 Oe.
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Simulated curve (µr = 4000)
µr = 3000
µr = 4000
Figure 9.7: Simulated and measured values of maximum inductance for
composite wires with insulation layer
CW-SP). When µr = 4000, the inductance value for NiFe/Cu wire fits on
the simulated curve. This is consistent with the results of hysteresis loops
(Figure 9.4) for the three types of composite wires, which has indicated the
permeability of NiFe/Cu wire is higher than those of CW-GC and CW-SP
wires. The maximum relative percentage changes of inductance with varying
applied magnetic field, ∆L/L0, obtained from Figure 9.6, for NiFe/Cu, CW-
GC, and CW-SP wires are 67%, 76%, and 61% at 100 kHz, respectively. The
result is interesting: ∆L/L0 of CW-GC is the largest among these three wires,
although the MI ratio of CW-GC is less than that of NiFe/Cu wire. The more
significant field-dependent inductance variation over impedance or resistance
variation makes CW-GC composite wire advantageous over normal NiFe/Cu
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composite wires for tunable inductor application with regard to tunability.
Figure 9.8 shows the quality factors of NiFe/Cu, CW-GC, and CW-SP com-
posite wires. The maximum quality factors for NiFe/Cu, CW-GC, and CW-SP
wires are 8.6 at 30 MHz, 6.7 at 10 MHz, and 8.9 at 30 MHz respectively. There
is no specific trend observed in the Q curves for these three wires. However,
it is worth noting that without applied magnetic field (Hext = 0), the CW-GC
wire has the highest Q value of 3.6 among the wires.
In the discussion above, it has been presented that with the same electrodeposi-
tion settings for NiFe layers of composite wires of NiFe/Cu and NiFe/insulation/Cu,
the magnetic properties, magneto-impedance effects, inductance values and
quality factors are different due to various factors such as layer structures, im-
plementation of the insulation layer, and geometric parameters.
The results have shown that the NiFe/Cu wire has lower coercivity, higher
permeability and higher magneto-impedance ratio achievable than two types
of NiFe/insulation/Cu wires, CW-GC and CW-SP, which might be attributed
to the optimal experiment parameters for the NiFe/Cu structure. The result
also implies that the different implantations of the insulation layer in the Ni-
Fe/insulator/Cu composite wires, and the different geometric parameters, i.e.
the thickness of each layer and the diameter of the conductive core, have signifi-
cant impact on the overall magnetic properties of the wires by the investigation
of their GMI effect. The surface profiles of the insulation layer, e.g. shape,
thickness, and smoothness, which partially determine the surface profile of the
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Figure 9.8: Measured quality factor of specimens of (a) NiFe/Cu composite
wire, (b) composite wire CW-GC, and (c) composite wire CW-SP, under an
applied magnetic field up to 43 Oe.
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outer coatings, i.e., the seed layer and the Ni-Fe layer, influence greatly the
interaction between the ferromagnetic shell and the copper core.
In the applications of tunable inductors, where ferromagnetic composite wires
are used as the inductor body, composite wire of CW-GC whose insulation
layer is fabricated by molten glass, has been found to be one of the promising
candidates because of its high ∆L/L0 ratio. However, one unfavorable aspect
of CW-GC is that the thickness of the glass layer is difficult to control in
the melt glass-coating process. Thus the precise duplication of such wires and
optimization of their geometric parameters by fine tuning the thickness of glass
layer are difficult. On the other hand, for the composite wire of CW-SP whose
insulation layer was sputtered, the thickness of each layer are easily controllable
by adjusting the corresponding deposition time, and would have much room
for improvement of both GMI effect and inductance tunability through the
optimization of its geometric parameters and the deposition conditions.
9.3 Concluding remarks
Towards the development of ferromagnetic composite wires with insulation layer
between the conductive core and the ferromagnetic shell for tunable inductor ap-
plications, two types of electrodeposited Ni-Fe/insulation/Cu composite wires,
namely CW-GC whose insulation layer is fabricated by molten glass, and CW-
SP whose insulation layer was sputtered, have been fabricated and compared
with NiFe/Cu wire. Their magnetic prosperities, giant magneto-impedance ef-
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fects, field dependent inductance and quality factors have been investigated.
The results show that the differences of layer structures, implementation of the
insulation layer, and geometric parameters in composite wires of NiFe/Cu and
NiFe/insulation/Cu lead the distinctive magnetic properties, magneto-impedance
effects, inductance values and quality factors in these ferromagnetic composite
wires. The findings are summarized as follows:
1. NiFe/Cu wire has lower coercivity, higher permeability and higher magneto-
impedance ratio achievable than two types of NiFe/insulation/Cu wires, CW-
GC and CW-SP, which might be attributed to the optimal experiment param-
eters for the NiFe/Cu structure;
2. Composite wire of CW-GC has better magneto-impedance ratio and induc-
tance tunability than that of CW-SP, which is probably due to the smoother
and more symmetrical surface of the insulation layer;
3. The simulated inductance values based on the reluctance model match well
with the measured data. The inductance per unit length can be expressed as a
function of permeability and tm/rc ratio;
4. Composite wire of CW-GC has been found to be one of the promising
candidates because of its high ∆L/L0 ratio; For CW-SP wire, it still has much
room for improvement to increase the inductance tunability as well as GMI






In this thesis, innovative ferromagnetic composite wire inductors, including non-
tunable inductors and tunable inductors, have been proposed, developed, mod-
eled, parametrically studied thoroughly and optimized. The key contributions
of this thesis are summarized as below:
(i) The magnetic microwire (NiFe/Cu) inductor, as a candidate miniature in-
ductor with high efficiency, has been proposed, modeled and characterized.
(ii) Novel tunable magnetic inductors based on micro NiFe/Cu composite
wires, with the advantages of high quality factor and low power consump-
tion, have been successfully developed, modeled, and characterized.
(iii) The effect of magnetic layer thickness, one of the most important geometric
parameters of ferromagnetic composite wire, on the magnetic properties
of the microwires and the performance of the tunable magnetic inductors
based on such composite wires, has been thoroughly investigated.
(iv) The optimization of performance of tunable inductors have been conducted
184
Chapter 10: Conclusions and Recommendations
by investigating the effects of plating current density, and applied longitu-
dinal magnetic field in the electrodeposition process of the magnetic layer,
on the composite wire based tunable magnetic inductor.
(v) The thermal stability of ferromagnetic composite wire based tunable in-
ductors has been studied.
(vi) The micro NiFe/insulation/Cu composite wires have been developed and
the effect of insulation layer on magnetic properties, impedance, induc-
tance and quality factor of tunable inductors based on NiFe/insulation/Cu
composite wire has been investigated.
More specifically, the following conclusions can be drawn:
1. The micro composite wire is modeled with the magnetic reluctance model.
The study of magnetic inductor based on micro composite wire in an ap-
plied magnetic field environment shows that the applied magnetic field
may have significant influence on the inductance, resistance and quality
factor of ferromagnetic composite wire inductors, depending on the op-
erating frequency of the inductor. Therefore, if the operating frequency
of the inductor is properly selected, the effect of external magnetic field
may be largely minimized. The result also shows that there is a threshold
value for the external magnetic field, above which the influence becomes
insignificant. Therefore, if a proper bias magnetic field is applied to the
inductor, the effect of external magnetic field can be largely minimized.
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In addition, the effect of the external magnetic field on the inductance,
resistance and quality factor of ferromagnetic composite wire inductors
depends on the angle between the magnetic field direction and the longi-
tudinal direction of the inductor. Such dependence becomes insignificant
under certain conditions of the external magnetic field and the operating
frequency of the magnetic inductor.
2. For integrated radio-frequency applications, tunable magnetic inductors
are expected. A tunable magnetic inductor, based on magnetoimpedance
(MI) effect, is presented in this work. The proposed inductor is con-
structed with a magnetic inductor body, wound by an insulated coil, in-
ducing a longitudinal DC bias magnetic field when a DC control cur-
rent is flowing through. Formed by a conductive core coated by a high-
permeability magnetic layer, the magnetic inductor body can be realized
by either a thin-film structure or a composite wire. A prototype tun-
able magnetic inductor, using a composite wire element, has been char-
acterized. The results show that by varying the DC control current, the
inductance of the magnetic inductor can be tuned. The tunable range
depends on the frequency of the current flowing through the inductor.
A relative variation of inductance ∆L/L0, up to 18% at low frequency
(around 5 MHz), is achieved by applying a bias current of magnitude
merely up to 15 mA. The quality factor varies from 5 to 17 in the mea-
sured frequency range. Substantial further improvements in inductance
variation and quality factor can be expected from the optimizations on
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the magnetic inductor body, including optimizing the conductive core and
magnetic film layer structural designs, having segmented structure of the
magnetic films, and optimizing the fabrication process for enhancing its
high-frequency performance.The proposed inductor has the potential to
be realized with MEMS technology and integrated in the standard CMOS
IC process.
3. The magnetic properties of the deposited material of composite wires,
and the performance of the tunable magnetic inductor of composite wire
structure, in variation with the thickness of deposited layer have been
investigated. The results show that:
a) Thickness affects the composition of the deposited material, which
makes the coercivity increase with increasing the thickness. It also af-
fects the average grain size of the deposited material, which makes the
coercivity increase with increasing the thickness. It further affects the
uniformity of the deposited material, which causes the coercivity decrease
with increasing the thickness. As a combined effect of the thickness on
the magnetic properties of the deposited material, the coercivity of the
material can be in a dynamic constant state as the thickness varies. Un-
der such circumstance, the thickness has mainly geometrical effect on the
MI of the composite wire.
b) The variation of the inductance, resistance and quality factor of the
studied tunable inductors in relation to the magnetic coating layer thick-
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ness could be due to the ferromagnetic composite wire inductors developed
by electroplating with constant plating current, which makes the compos-
ite wire having the angle between the easy axis and transverse direction of
the coating layer, θk, increases with the coating layer thickness tm. To the
tunability of L of such tunable magnetic inductors, the increase of tm has
an equivalent effect as decreasing the operating frequency, f. Interestingly,
there is a critical thickness for the coating layer, below which the effect
of a weak bias magnetic field on the L is significant and is proportional
to the coating layer thickness tm, and above which the effect of a weak
bias magnetic field on the L is insignificant and is inversely proportional
to the coating layer thickness, tm. The thickness, tm, and the operating
frequency, f, together, determine whether the dominating magnetization
process in the coating layer is domain displacement or moment rotation,
which consequently determines the response of inductance, resistance, and
quality factor under the bias magnetic field.
4. To optimize the tunability and the quality factor of the tunable mag-
netic inductors of composite wire structures, the effect of amplitude of
the plating current and the effect of a longitudinal magnetic field applied
to the electrodeposition of the magnetic coating layer in relation to the
inductance and quality factor have been studied. The results show that:
a) To find the optimum amplitude of the plating current for the devel-
opment of tunable magnetic inductors, Ni80Fe20/Cu composite wire spec-
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imens have been produced under a range of values of plating current,
while the same composition and thickness of the plated layer were main-
tained by altering the concentration of the electrolyte solution and the
electrodeposition time. The results showed that there was a trade-off be-
tween maximum inductance tunability and maximum quality. Depending
on the specific applications, the plating current can limit to a small range
around the critical current amplitude to maximize Q value, or the plating
current can be smaller or higher than the critical current amplitude to
maximize the inductance tunability.
b) Under the influence of a longitudinal magnetic field in the electrode-
position process, the surface morphology of the plated microwires were
improved. This improvement may be attributed to the application of a
longitudinal magnetic controlling field, together with the electrical field,
imposed NiFe growth orientation during deposition, and thus the unifor-
mity of the plated layer was enhanced. The variation of quality factor
follows the change of Fe% in the Ni-Fe layer, and the longitudinal field
imposed during the electrodeposition process amplifies such change due
to the effect of uniformity improvement of the plated layer. An averaged
23% increase of quality factor was observed for specimens fabricated with
143 Oe imposed field, and inductance tunability was significantly higher
than previously reported results.
5. The characterization of thermal profiles of the composite wires used in the
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tunable magnetic inductors has been studied. The thermal treatment has
adopted thermal annealing technique. The effects of annealing tempera-
ture up to 1050 ◦C and annealing duration on the composite wires’ ma-
terial properties such as surface profile, material composition, grain size,
and coercivity, and on the performance parameters of tunable magnetic
inductor like inductance tunability and quality factor, have been inves-
tigated. The results have shown that in general, the surface roughness,
average grain size, and coercivity of the composite wires increased with
the thermal annealing temperature, Ta. At high annealing temperatures,
especially above the recrystallization temperature of 550 ◦C, the rough-
ness increased drastically, and the coercivity increased significantly when
Ta ≥ 950◦C, suggesting that the degradation of the magnetic properties
was more pronounced. This was due to a decrease in permeability that
was attributed to grain growth and inter-diffusion between the copper core
and NiFe shell, despite the effect of stress relief by thermal annealing. The
surface roughness, grain size, and coercivity of the composite wires were
found to be increased with the increasing annealing duration. Similarly,
such effect was due to the grain growth and permeability reduction. The
decrease of circumferential permeability has also caused the degradation
of inductance tunability. The reduce of maximum inductance tunabil-
ity and quality factor was found to be more severe when the annealing
temperature or duration was increasing.
6. Towards the development of ferromagnetic composite wires with insulation
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layer between the conductive core and the ferromagnetic shell for tunable
inductor applications, two types of electrodeposited Ni-Fe/insulation/Cu
composite wires, namely CW-GC whose insulation layer is fabricated by
molten glass, and CW-SP whose insulation layer was sputtered, have been
developed. Their magnetic prosperities, giant magneto-impedance effects,
field dependent inductance and quality factors have been investigated.
The results show that the differences of layer structures, implementation
of the insulation layer, and geometric parameters in composite wires of
NiFe/Cu and NiFe/insulation/Cu lead the distinctive magnetic properties,
magneto-impedance effects, inductance values and quality factors in these
ferromagnetic composite wires. The findings are summarized as follows:
a) NiFe/Cu wire has lower coercivity, higher permeability and higher
magneto-impedance ratio achievable than two types of NiFe/insulation/Cu
wires, CW-GC and CW-SP, which might be attributed to the optimal
experiment parameters for the NiFe/Cu structure. Composite wire of
CW-GC has better magneto-impedance ratio and inductance tunability
than that of CW-SP, which is probably due to the smoother and more
symmetrical surface of the insulation layer.
b) The simulated inductance values based on the reluctance model match
well with the measured data. The inductance per unit length can be
expressed as a function of permeability and tm/rc ratio.
c) Composite wire of CW-GC has been found to be one of the promising
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candidates because of its high ∆L/L0 ratio; For CW-SP wire, it still has
much room for improvement to increase the inductance tunability as well
as GMI effect through the optimization of its geometric parameters and
the deposition conditions.
10.2 Recommendations
1. For the magnetic film material of the composite wire inductor, the higher
resistivity of the film should result in less eddy current loss in high fre-
quency, thus higher quality factor can be expected. Therefore, it is advised
to explore other magnetic materials with higher resistivity, such as Co-Nb-
Zr film, and characterize their magnetic properties, inductance and quality
factor.
2. Currently the tunable and non-tunable magnetic inductors based on mi-
cro composite wire structure are realized as discrete devices. It is recom-
mended for further research to implement the magnetic inductor designs in
this thesis with MEMS technology, such that the studied magnetic induc-
tors can be integrated with CMOS IC technology into a system-in-package
(SiP), benefiting various electronics and RF applications.
192
Bibliography
[1] A. Adly, “Controlling linearity and permeability of iron core inductors
using field orientation techniques,” IEEE Transactions on Magnetics,
vol. 37, no. 4, pp. 2891–2893, 2001.
[2] M. Vroubel, Z. Yan, B. Rejaei, and J. N. Burghartz, “Integrated tunable
magnetic RF inductor,” IEEE Electron Device Letters, vol. 25, no. 12, pp.
787–9, 2004.
[3] S. Jung, K. Kang, J.-H. Park, K.-W. Chung, Y.-K. Kim, and Y. Kwon,
“Micromachined frequency-variable impedance turners using resonant
unit cells,” IEEE MTT-S International Microwave Symposium Digest,
vol. 3, pp. 333–336, 2001.
[4] S. Zhou, X.-Q. Sun, and W. Carr, “A micro variable inductor chip using
MEMS relays,” Proc. International Conference on Solid State Sensors and
Actuators (TRANSDUCERS ’97 Chicago), vol. 2, pp. 1137–1140, 1997.
[5] V. Lubecke, B. Barber, E. Chan, D. Lopez, M. Gross, and P. Gammel,
“Self-assembling MEMS variable and fixed RF inductors,” IEEE Transac-
tions on Microwave Theory and Techniques, vol. 49, no. 11, pp. 2093–2098,
2001.
[6] I. Zine-El-Abidine, M. Okoniewski, and J. McRory, “A new class of tun-
193
Bibliography
able RF MEMS inductors,” Proc. International Conference on MEMS,
NANO and Smart Systems, pp. 114–115, 2003.
[7] C.-C. Hsiao, C.-W. Kuo, C.-C. Ho, and Y.-J. Chan, “Improved quality-
factor of 0.18 µ m CMOS active inductor by a feedback resistance design,”
IEEE Microwave and Wireless Components Letters, vol. 12, no. 12, pp.
467–469, 2002.
[8] R. Mukhopadhyay, Y. Park, P. Sen, N. Srirattana, J. Lee, C.-H. Lee,
S. Nuttinck, A. Joseph, J. Cressler, and J. Laskar, “Reconfigurable RFICs
in Si-based technologies for a compact intelligent RF front-end,” IEEE
Transactions on Microwave Theory and Techniques, vol. 53, no. 1, pp.
81–93, 2005.
[9] V. V. Alex van den Bossche, Inductors and Transformers for Power Elec-
tronics. CRC Press, 2005.
[10] R. Skomski, Simple Models of Magnetism. Oxford University Press, 2008.
[11] L. Landau and E. Lifshitz, “On the theory of the dispersion of magnetic
permeability in ferromagnetic bodies,” Physikalische Zeitschrift der Sow-
jetunion, vol. 8, pp. 153–169, 1935.
[12] L. Kraus, “GMI modeling and material optimization,” Sensors and Actu-
ators, A: Physical, vol. 106, no. 1-3, pp. 187 – 194, 2003.




[14] D. Menard, M. Britel, P. Ciureanu, and A. Yelon, “Giant magne-
toimpedance in a cylindrical magnetic conductor,” Journal of Applied
Physics, vol. 84, no. 5, pp. 2805 – 14, 1998.
[15] L. Kraus, “Theory of giant magneto-impedance in the planar conductor
with uniaxial magnetic anisotropy,” Journal of Magnetism and Magnetic
Materials, vol. 195, no. 3, pp. 764 – 778, 1999.
[16] L. Panina, K. Mohri, T. Uchiyama, M. Noda, and K. Bushida, “Giant
magneto-impedance in Co-rich amorphous wires and films,” IEEE Trans-
actions on Magnetics, vol. 31, no. 2, pp. 1249–1260, 1995.
[17] L. Panina and K. Mohri, “Magneto-impedance effect in amorphous wires,”
Applied Physics Letters, vol. 65, no. 9, pp. 1189 – 91, 1994.
[18] M. Knobel, M. Sanchez, C. Gomez-Polo, P. Marin, M. Vazquez, and
A. Hernando, “Giant magneto-impedance effect in nanostructured mag-
netic wires,” Journal of Applied Physics, vol. 79, no. 3, pp. 1646 – 54,
1996.
[19] R. Beach and A. Berkowitz, “Giant magnetic field dependent impedance
of amorphous FeCoSiB wire,” Applied Physics Letters, vol. 64, no. 26, pp.
3652 – 4, 1994.
[20] M.-H. Phan and H.-X. Peng, “Giant magnetoimpedance materials: fun-
damentals and applications,” Progress in Materials Science, vol. 53, no. 2,
pp. 323 – 420, 2008.
195
Bibliography
[21] K. Mohri, T. Kohsawa, K. Kawashima, H. Yoshida, and L. V. Panina,
“Magneto-inductive effect (MI effect) in amorphous wires,” IEEE Trans-
actions on Magnetics, vol. 28, no. 5, pp. 3150–3152, 1992.
[22] A. Yelon, D. Menard, M. Britel, and P. Ciureanu, “Calculations of giant
magnetoimpedance and of ferromagnetic resonance response are rigorously
equivalent,” Applied Physics Letters, vol. 69, no. 20, pp. 3084 – 5, 1996.
[23] F. Machado and S. Rezende, “A theoretical model for the giant magne-
toimpedance in ribbons of amorphous soft-ferromagnetic alloys,” Journal
of Applied Physics, vol. 79, no. 8, pp. 6558 – 60, 1996.
[24] D. Atkinson and P. Squire, “Phenomenological model for magne-
toimpedance in soft ferromagnets,” Journal of Applied Physics, vol. 83,
no. 11, pp. 6569 – 71, 1998.
[25] D.-X. Chen and J. Munoz, “Ac impedance and circular permeability of
slab and cylinder,” IEEE Transactions on Magnetics, vol. 35, no. 3, pp.
1906 – 23, 1999.
[26] D.-X. Chen, J. Munoz, A. Hernando, and M. Vazquez, “Magne-
toimpedance of metallic ferromagnetic wires,” Physical Review B (Con-
densed Matter), vol. 57, no. 17, pp. 10 699 – 704, 1998.
[27] I. Betancourt, R. Valenzuela, and M. Vazquez, “Domain model for the
magnetoimpedance of metallic ferromagnetic wires,” Journal of Applied
Physics, vol. 93, no. 10, pp. 8110 – 12, 2003.
196
Bibliography
[28] S. Yoon, C. Kim, and H. Kim, “The mechanism of magnetic relaxation in
Co-based amorphous ribbon determined by permeability spectroscopy,”
Journal of Magnetism and Magnetic Materials, vol. 203, no. 1-3, pp. 235
– 7, 1999.
[29] M. Carara, M. Baibich, and R. Sommers, “Magnetization dynamics as
derived from magneto impedance measurements,” Journal of Applied
Physics, vol. 88, no. 1, pp. 331 – 5, 2000.
[30] C. G. Kim, S. S. Yoon, and S.-C. Yu, “Decomposition of susceptibility
spectra in a torsion-stressed Fe-based amorphous wire,” Applied Physics
Letters, vol. 76, no. 23, pp. 3463 – 5, 2000.
[31] S. Yoon and C. Kim, “Separation of reversible domain-wall motion and
magnetization rotation components in susceptibility spectra of amorphous
magnetic materials,” Applied Physics Letters, vol. 78, no. 21, pp. 3280 –
2, 2001.
[32] G. Buttino, A. Cecchetti, and M. Poppi, “Domain wall relaxation fre-
quency and magnetocrystalline anisotropy in Co- and Fe-based nanos-
tructured alloys,” Journal of Magnetism and Magnetic Materials, vol. 269,
no. 1, pp. 70 – 77, 2004.
[33] D. Menard, L. Melo, M. Britel, P. Ciureanu, A. Yelon, M. Rouabhi, and
R. Cochrane, “Modeling the magnetoimpedance in anisotropic wires,”
Journal of Applied Physics, vol. 87, no. 9 pt 2, pp. 4801 – 4801, 2000.
197
Bibliography
[34] M. Britel, D. Menard, L. Melo, P. Ciureanu, A. Yelon, R. Cochrane,
M. Rouabhi, and B. Cornut, “Magnetoimpedance measurements of ferro-
magnetic resonance and antiresonance,” Applied Physics Letters, vol. 77,
no. 17, pp. 2737 – 9, 2000.
[35] F. Machado, A. De Araujo, A. Puca, A. Rodrigues, and S. Rezende, “Sur-
face magnetoimpedance measurements in soft-ferromagnetic materials,”
Physica Status Solidi (A) Applied Research, vol. 173, no. 1, pp. 135 – 144,
1999.
[36] D. Menard and A. Yelon, “Theory of longitudinal magnetoimpedance in
wires,” Journal of Applied Physics, vol. 88, no. 1, pp. 379 – 393, 2000.
[37] M. Knobel, M. Vazquez, and L. Kraus, Handbook of magnetic materials,
ser. Handbook of Magnetic Materials. Elsevier, 2003, vol. 15, ch. Giant
Magnetoimpedance, pp. 497 – 563.
[38] S. Lofland, S. Bhagat, M. Dominguez, J. Garcia-Beneytez, F. Guerrero,
and M. Vazquez, “Low-field microwave magnetoimpedance in amorphous
microwires,” Journal of Applied Physics, vol. 85, no. 8 pt 2A, pp. 4442 –
4442, 1999.
[39] H. Chiriac and T. Ovari, “Amorphous glass-covered magnetic wires:
Preparation, properties, applications,” Progress in Materials Science,
vol. 40, no. 5, pp. 333 – 407, 1996.
[40] C. Tannous and J. Gieraltowski, “Giant magneto-impedance and its appli-
198
Bibliography
cations,” Journal of Materials Science: Materials in Electronics, vol. 15,
no. 3, pp. 125 – 133, 2004.
[41] J. Herbert S. Bailey. (1978) Henry, joseph. From Alexander Leitch, A
Princeton Companion. Princeton University Press.
[42] W. H. Hayt and J. A. Buck, Engineering Electromagnetics. McGraw-Hill
Publishing Co., 2001.
[43] J. K. Bhagat, “Miniature inductor for integrated circuits and devices,”
US Patent 5 070 317, 1991.
[44] A. Gromov, “Impedance of soft magnetic multilayers: Application to GHz
thin film inductors,” Ph.D. dissertation, KTH, Physics, 2001.
[45] V. Korenivski, “GHz magnetic film inductors,” Journal of Magnetism and
Magnetic Materials, vol. 215, pp. 800–806, 2000.
[46] V. Korenivski and R. B. van Dover, “Magnetic film inductors for radio
frequency applications,” Journal of Applied Physics, vol. 82, no. 10, pp.
5247–5254, 1997.
[47] N. Saleh and A. H. Qureshi, “Permalloy thin-film inductors,” Electronics
Letters, vol. 6, no. 26, pp. 850–2, 1970.
[48] R. F. Soohoo, “Magnetic thin film inductors for integrated circuit ap-




[49] K. Kawabe, H. Koyama, and K. Shirae, “Planar inductor,” IEEE Trans-
actions on Magnetics, vol. MAG-20, pp. 1804–6, 1984.
[50] O. Oshiro, H. Tsujimoto, and K. Shirae, “A novel miniature planar in-
ductor,” IEEE Transactions on Magnetics, vol. 23, no. 5, pp. 3759–3761,
1987.
[51] W. A. Roshen, “Analysis of planar sandwich inductors by current images,”
IEEE Transactions on Magnetics, vol. 26, no. 5, pp. 2880–2887, 1990.
[52] M. Yamaguchi, S. Arakawa, H. Ohzeki, Y. Hayashi, and K. I. Arai, “Char-
acteristics and analysis of a thin film inductor with closed magnetic circuit
structure,” IEEE Transactions on Magnetics, vol. 28, pp. 3015–17, 1992.
[53] T. Sato, H. Tomita, A. Sawabe, T. Inoue, T. Mizoguchi, and M. Sahashi,
“A magnetic thin film inductor and its application to a MHz switching
dc-dc converter,” IEEE Transactions on Magnetics, vol. 30, no. 2, pp.
217–23, 1994.
[54] M. Senda and O. Ishii, “Permeability measurement in the GHz range for
soft-magnetic film using the M/C/M inductance-line,” IEEE Transactions
on Magnetics, vol. 31, no. 2, pp. 960–965, 1995.
[55] T. Inoue, K. Nishijima, S. Yatabe, T. Mizoguchi, and T. Sato, “The effect
of magnetic film structure on the inductance of a planar inductor,” The
7th Joint MMM-Intermag Conference, vol. 34, pp. 1372–4, 1998.
[56] I. Kowase, T. Sato, K. Yamasawa, and Y. Miura, “A planar inductor
200
Bibliography
using Mn-Zn ferrite/polyimide composite thick film for low-voltage and
large-current dc-dc converter,” IEEE Transactions on Magnetics, vol. 41,
no. 10, pp. 3991–3993, 2005.
[57] O. Oshiro, K. Kawabe, H. Tsujimoto, and K. Shirae, “A wide frequency
planar inductor,” IEEE Translation Journal on Magnetics in Japan, vol.
TJMJ-2, no. 4, pp. 331–2, 1987.
[58] O. Oshiro, H. Tusijimoto, and K. Shirae, “A closed-type planar inductor,”
IEEE Translation Journal on Magnetics in Japan, vol. TJMJ-2, no. 4, pp.
329 – 30, 1987.
[59] M. Yamaguchi, M. Matsumoto, K. Ohzeki, and K. Arai, “Analysis of the
inductance and the stray capacitance of the dry-etched micro inductors,”
IEEE Transactions on Magnetics, vol. 27, no. 6, pp. 5274 – 6, 1991.
[60] K. Shirakawa, H. Kurata, J. Toriu, H. Matsuki, and K. Murakami, “A
new planar inductor with magnetic closed circuit,” IEEE Transactions on
Magnetics, vol. 27, no. 6, pp. 5432 – 4, 1991.
[61] K. Shirakawa, H. Kurata, M. Mitera, O. Nakazima, and K. Murakami,
“Structure of strip-like magnetic core of thin film inductor,” IEEE Trans-
lation Journal on Magnetics in Japan, vol. 9, no. 3, pp. 61–6, 1994.
[62] C. Lee, D. Shin, D. Ahn, S. Nam, and H. Kim, “Fabrication of thin film
inductors using FeTaN soft magnetic films,” Journal of Applied Physics,
vol. 85, pp. 4898–900, 1999.
201
Bibliography
[63] M. Yamaguchi, K. Suezawa, K. I. Arai, Y. Takahashi, S. Kikuchi, Y. Shi-
mada, W. D. Li, S. Tanabe, and K. Ito, “Microfabrication and character-
istics of magnetic thin-film inductors in the ultrahigh frequency region,”
Journal of Applied Physics, vol. 85, no. 11, pp. 7919–22, 1999.
[64] V. Korenivski and R. B. van Dover, “Magnetic films for GHz applica-
tions,” Journal of Applied Physics, vol. 81, p. 4878, 1997.
[65] O. Oshiro, H. Tsujimoto, and K. Shirae, “High frequency characteris-
tics of a planar inductor and a magnetic coupling control device,” IEEE
Translation Journal on Magnetics in Japan, vol. 6, no. 5, pp. 436–442,
1991.
[66] A. Paton, “Analysis of the efficiency of thin-film magnetic recording
heads,” Journal of Applied Physics, vol. 42, no. 13, pp. 5868 – 70, 1971.
[67] G. Hughes, “Thin film recording head efficiency and noise,” Journal of
Applied Physics, vol. 54, no. 7, pp. 4168 – 73, 1983.
[68] T. Sato, M. Hasegawa, T. Mizoguchi, and M. Sahashi, “Study of high
power planar inductor,” IEEE Transactions on Magnetics, vol. 27, no. 6,
pp. 5277–5279, 1991.
[69] A. Gromov, V. Korenivski, K. V. Rao, R. B. van Dover, and P. M.
Mankiewich, “Model for impedance of planar RF inductors based on mag-




[70] A. Gromov, V. Korenivski, D. Haviland, and R. B. van Dover, “Analysis
of current distribution in magnetic film inductors,” Journal of Applied
Physics, vol. 85, no. 8 II A, pp. 5202–5204, 1999.
[71] N. Saleh, “Variable microelectronic inductors,” IEEE Transactions on
Components, Hybrids, and Manufacturing Technology, vol. CHMT-1,
no. 1, pp. 118–24, 1978.
[72] D. Pehlke, A. Burstein, and M. Chang, “Extremely high-Q tunable induc-
tor for si-based RF integrated circuit applications,” Proc. International
Electron Devices Meeting IEDM ’97, pp. 63–66, 1997.
[73] S. Lim, K. Yeo, J. Ma, M. Do, K. Chew, and S.-F. Chu, “Extremely
high-Q stacked transformer-type inductors for RF applications,” Proc.
International Symposium on VLSI Technology, Systems, and Applications,
pp. 147–150, 2003.
[74] I. Zine-El-Abidine, M. Okoniewski, and J. McRory, “RF MEMS tun-
able inductor,” Proc. 15th International Conference on MIKON-2004 Mi-
crowaves, Radar and Wireless Communications, vol. 3, pp. 817–819 Vol.3,
2004.
[75] N. Sarkar, D. Yan, E. Horne, H. Lu, M. Ellis, J. Lee, R. Mansour, A. Nal-
lani, and G. Skidmore, “Microassembled tunable MEMS inductor,” Proc.
18th IEEE International Conference on Micro Electro Mechanical Systems
(MEMS 2005), pp. 183–186, 2005.
203
Bibliography
[76] B. Viala, M. Minor, and J. Barnard, “Microstructure and magnetism in
FeTaN films deposited in the nanocrystalline state,” Journal of Applied
Physics, vol. 80, no. 7, pp. 3941 – 56, 1996.
[77] S. Jin, W. Zhu, R. van Dover, T. Tiefel, V. Korenivski, and L. Chen,
“High frequency properties of Fe-Cr-Ta-N soft magnetic films,” Applied
Physics Letters, vol. 70, no. 23, pp. 3161 – 3, 1997.
[78] S. Ohnuma, H. Fujimori, S. Furukawa, S. Mitani, and T. Masumoto, “Co-
(N, O)-based granular thin films and their soft magnetic properties,” Jour-
nal of Alloys and Compounds, vol. 222, no. 1-2, pp. 167 – 172, 1995.
[79] T. Osaka, “Electrodeposition of highly functional thin films for magnetic
recording devices of the next century,” Electrochimica Acta, vol. 45, no. 20,
pp. 3311 – 3321, 2000.
[80] N. V. Myung, D.-Y. Park, B.-Y. Yoo, and P. T. Sumodjo, “Development
of electroplated magnetic materials for MEMS,” Journal of Magnetism
and Magnetic Materials, vol. 265, pp. 189 – 198, 2003.
[81] D. Landolt, “Electrodeposition science and technology in the last quarter
of the twentieth century,” Journal of the Electrochemical Society, vol. 149,
no. 3, pp. S9 – S20, 2002.
[82] C. A. Ross, “Electrodeposited multilayer thin films,” Annual Review of
Materials Science, vol. 24, no. 1, pp. 159–188, 1994.
204
Bibliography
[83] R. G. Ehl and A. Ihde, “Faraday’s electrochemical laws and the determi-
nation of equivalent weights,” Journal of Chemical Education, vol. 31, pp.
226–232, 1954.
[84] P. Andricacos, C. Arana, J. Tabib, J. Dukovic, and L. Romankiw, “Elec-
trodeposition of nickel-iron alloys. i. effect of agitation,” Journal of the
Electrochemical Society, vol. 136, no. 5, pp. 1336 – 1340, 1989.
[85] S. Biallozor and M. Lieder, “Study of the electrodeposition process of Ni-
Fe alloys from chloride electrolytes: I.” Surface technology, vol. 21, no. 1,
pp. 1 – 10, 1984.
[86] N. Zech, E. Podlaha, and D. Landolt, “Anomalous codeposition of iron
group metals. i. experimental results,” Journal of the Electrochemical So-
ciety, vol. 146, no. 8, pp. 2886 – 91, 1999.
[87] J. Vaes, J. Fransaer, and J.-P. Celis, “The role of metal hydroxides in
NiFe deposition,” Journal of the Electrochemical Society, vol. 147, no. 10,
pp. 3718 – 24, 2000.
[88] J. Bielinski and J. Przyluski, “Selected problems in the continuous elec-
trodeposition of Ni-Fe alloys,” Surface Technology, vol. 9, pp. 53–64, 1979.
[89] A. Bai and C.-C. Hu, “Compositional controlling of Co-Ni and Fe-Co
alloys using pulse-reverse electroplating through means of experimental
strategies,” Electrochimica Acta, vol. 50, pp. 1335–1345, 2005.
205
Bibliography
[90] R. Beach, N. Smith, C. Platt, F. Jeffers, and A. Berkowitz, “Magneto-
impedance effect in NiFe plated wire,” Applied Physics Letters, vol. 68, p.
27535, 1996.
[91] J. Sinnecker, J. Garcia, A. Asenjo, M. Vazquez, and A. Garcia-Arribas,
“Giant magnetoimpedance in CoP electrodeposited microtubes,” Journal
of Materials Research, vol. 15, no. 3, pp. 751 – 755, 2000.
[92] R. Yu, G. Landry, Y. Li, S. Basu, and J. Xiao, “Magneto-impedance
effect in soft magnetic tubes,” Journal of Applied Physics, vol. 87, pp.
4807–4809, 2000.
[93] J. Sinnecker, M. Knobel, K. Pirota, J. Garcia, A. Asenjo, and M. Vazquez,
“Frequency dependence of the magnetoimpedance in amorphous CoP elec-
trodeposited layers,” Journal of Applied Physics, vol. 87, p. 48257, 2000.
[94] J. Garcia, J. Sinnecker, A. Asenjo, and M. Vazquez, “Enhanced magne-
toimpedance in CoP electrodeposited microtubes,” Journal of Magnetism
and Magnetic Materials, vol. 226-230, pp. 704–706, 2001.
[95] J. Garcia, A. Asenjo, M. Vazquez, A. Yakunin, A. Antonov, and J. Sin-
necker, “Determination of closure domain penetration in electrodeposited
microtubes by combined magnetic force microscopy and giant magneto-
impedance techniques,” Journal of Applied Physics, vol. 89, p. 388891,
2001.
[96] X. P. Li, Z. J. Zhao, H. L. Seet, W. M. Heng, T. B. Oh, and J. Y.
206
Bibliography
Lee, “Effect of magnetic field on the magnetic properties of electroplated
NiFe/Cu composite wires,” Journal of Applied Physics, vol. 94, no. 10,
pp. 6655–6658, 2003.
[97] X. Li, Z. Zhao, C. Chua, H. Seet, and L. Lu, “Enhancement of giant
magnetoimpedance effect of electroplated NiFe/Cu composite wires by dc
Joule annealing,” Journal of Applied Physics, vol. 94, no. 12, pp. 7626 –
30, 2003/12/15.
[98] P. Jantaratana and C. Sirisathitkul, “Effects of thickness and heat treat-
ments on giant magnetoimpedance of electrodeposited cobalt on silver
wires,” IEEE Transactions on Magnetics, vol. 42, pp. 358–62, 2006.
[99] J. Hu, H. Qin, L. Zhang, and J. Chen, “Giant magnetoimpedance effect
in Ag/NiFe plate wire,” Materials Science Engineering B, vol. 106, pp.
202–6, 2004.
[100] F. Atalay, H. Kaya, and S. Atalay, “Unusual grain growth in electrode-
posited CoNiFe/Cu wires and their magnetoimpedance properties,” Ma-
terials Science Engineering B, vol. 420, pp. 9–14, 2006.
[101] F. Atalay and S. Atalay, “Giant magnetoimpedance effect in NiFe/Cu
plated wire with various plating thicknesses,” Journal of Alloys and Com-
pounds, vol. 392, no. 1-2, pp. 322 – 328, 2005.
[102] F. Atalay, H. Kaya, and S. Atalay, “Giant magnetoimpedance effect in
207
Bibliography
electroplated CoNiFe/Cu wires with varying Ni, Fe and Co content,” Jour-
nal of Alloys and Compounds, vol. 420, no. 1-2, pp. 9 – 14, 2006.
[103] Z. Zhang, Q. Wu, K. Zhong, S. Yang, X. Lin, and Z. Huang, “The size
and space arrangement roles on coercivity of electrodeposited Co1−xCux
nanowires,” Journal of Magnetism and Magnetic Materials, vol. 303, p.
e3047, 2006.
[104] J. Velleuer, A. Munoz, H. Yakabchuk, C. Schiefer, A. Hackl, and E. Kisker,
“Giant magneto impedance in electroplated NiFeMo/Cu microwires,”
Journal of Magnetism and Magnetic Materials, vol. 311, no. 2, pp. 651 –
657, 2007.
[105] X. Wang, W. Yuan, Z. Zhao, X. Li, J. Ruan, and X. Yang, “Gi-
ant magnetoimpedance effect in CuBe/NiFeB and CuBe/insulator/NiFeB
electroless-deposited composite wires,” IEEE Transactions on Magnetics,
vol. 41, no. 1, pp. 113–115, 2005.
[106] X. Wang, W. Yuan, Z. Zhao, X. Li, J. Ruan, and Z. Zhao, “Enhancement
of giant magnetoimpedance in composite wire with insulator layer,” Jour-
nal of Magnetism and Magnetic Materials, vol. 308, pp. 269–272, 2007.
[107] X. Li, H. Seet, J. Fan, and J. Yi, “Electrodeposition and characteristics
of Ni80Fe20/Cu composite wires,” Journal of Magnetism and Magnetic
Materials, vol. 304, no. 1, pp. 111 – 116, 2006.
208
Bibliography
[108] J. Lenz and S. Edelstein, “Magnetic sensors and their applications,” IEEE
Sensors Journal, vol. 6, no. 3, pp. 631–649, 2006.
[109] H. Seet, S. See, X. Li, J. Lee, K. Lee, S. Teoh, and C. Lim, “Study of
the parameters of electroplating of ferromagnetic materials in relation to
material permeability,” Materials Science Forum, vol. 437-438, pp. 479 –
82, 2003.
[110] J.-C. Puippe and F. Leaman, Theory and Practice of Pulse Plating.
American Electroplaters and Surface Finishers Society, Orlando, Florida,
1989.
[111] K.-M. Yin, S.-L. Jan, and C.-C. Lee, “Current pulse with reverse plating
of nickel-iron alloys in a sulphate bath,” Surface and Coatings Technology,
vol. 88, pp. 219–225, 1996.
[112] X. Li, H. Seet, Z. Zhao, and Y. Kong, “Development of high permeabil-
ity nanocrystalline ferromagnetic materials by pulse plating,” Journal of
Metastable and Nanocrystalline Materials, vol. 23, pp. 163 – 166, 2005.
[113] A. Bai and C. Hu, “Iron-cobalt and iron-cobalt-nickel nanowires deposited
by means of cyclic voltammetry and pulse-reverse electroplating,” Elec-
trochemistry Communications, vol. 5, pp. 78–82, 2003.
[114] P. Tsay, C.-C. Hu, and C.-K. Wang, “Compositional effects on the phys-
ical properties of iron-nickel deposits prepared by means of pulse-reverse
209
Bibliography
electroplating,” Materials Chemistry and Physics, vol. 89, pp. 275–282,
2005.
[115] A. Bai and C.-C. Hu, “Compositional controlling of Co-Ni and Fe-Co
alloys using pulse-reverse electroplating through means of experimental
strategies,” Electrochimica Acta, vol. 50, pp. 1335–1345, 2005.
[116] H. Seet, X. Li, W. Ng, H. Chia, H. Zheng, and K. Lee, “Development of
Ni80Fe20/Cu nanocrystalline composite wires by pulse-reverse electrode-
position,” Journal of Alloys and Compounds, vol. 449, pp. 279–283, 2008.
[117] I. Mogi and M. Kamiko, “Striking effects of magnetic field on the growth
morphology of electrochemical deposits,” Journal of Crystal Growth, vol.
166, pp. 276–280, 1996.
[118] J. Coey, G. Hinds, and M. Lyons, “Magnetoelectrolysis of copper,” Jour-
nal of Applied Physics, vol. 83, no. 11, p. 6447, 1998.
[119] O. Devos, O. Aaboubi, J. Chopart, E. Merienne, A. Olivier, and J. Am-
blard, “Magnetic field effects on nickel deposition,” Journal of the Elec-
trochemical Society, vol. 145, no. 10, p. 4135, 1998.
[120] J. Coey, G. Hinds, and M. Lyons, “Magnetic-field effects on fractal elec-
trodeposits,” Europhysics Letters, vol. 47, no. 2, p. 267, 1999.
[121] C. O’Reilly, G. Hinds, and J. Coey, “Effect of a magnetic field on elec-
trodeposition: Chronoamperometry of Ag, Cu, Zn, and Bi,” Journal of
the Electrochemical Society, vol. 148, no. 10, pp. 674–678, 2001.
210
Bibliography
[122] T. Fahidy, “Characteristics of surfaces produced via magnetoelectrolytic
deposition,” Progress in Surface Science, vol. 68, pp. 155–188, 2001.
[123] J. Coey and G. Hinds, “Magnetic electrodeposition,” Journal of Alloys
and Compounds, vol. 326, pp. 238–245, 2001.
[124] I. Tabakovic, S. Riemer, V. Vas’ko, V. Sapozhnikov, and M. Kief, “Effect
of magnetic field on electrode reactions and properties of electrodeposited
NiFe films,” Journal of The Electrochemical Society, vol. 150, no. 9, pp.
C635–C640, 2003.
[125] K. Msellak, J.-P. Chopart, O. Jbara, O. Aaboubi, and J. Amblard, “Mag-
netic field effects on Ni-Fe alloys codeposition,” Journal of Magnetism and
Magnetic Materials, vol. 281, pp. 295–304, 2004.
[126] I. Tabakovic, S. Riemer, M. Sun, V. A. Vasko, and M. T. Kief, “Effect
of magnetic field on NiCu electrodeposition from citrate plating solution
and characterization of deposit,” Journal of The Electrochemical Society,
vol. 152, no. 12, pp. C851–C860, 2005.
[127] J. Matovic, “Application of Ni electroplating techniques towards stress-
free microelectromechanical system-based sensors and actuators,” Pro-
ceedings of the Institution of Mechanical Engineers, Part C (Journal of
Mechanical Engineering Science), vol. 220, no. C11, pp. 1645 – 54, 2006.
[128] K. Yin and B. Lin, “Effects of boric acid on the electrodeposition of iron,
211
Bibliography
nickel and iron-nickel,” Surface and Coatings Technology, vol. 78, no. 1-3,
pp. 205 – 10, 1996.
[129] L. V. Panina, K. Mohri, and T. Uchiyama, “Giant magneto-impedance
(GMI) in amorphous wire, single layer film and sandwich film,” Physica
A:, vol. 241, no. 1-2, pp. 429–438, 1997.
[130] M. Hauser, L. Kraus, and P. Ripka, “Giant magnetoimpedance sensors,”
IEEE Instrumentation & Measurement Magazine, vol. 4, no. 2, pp. 28–32,
2001.
[131] H. L. Seet, X. P. Li, Z. J. Zhao, Y. K. Kong, H. M. Zheng, and W. C.
Ng, “Development of high permeability nanocrystalline permalloy by elec-
trodeposition,” Journal of Applied Physics, vol. 97, no. 10, p. 304, 2005.
[132] S. S. Yoon, S. C. Yu, G. H. Ryu, and C. G. Kim, “Effect of annealing on
anisotropy field in Fe84Zr7B8Cu1 amorphous ribbons evaluated by giant
magnetoimpedance,” Journal of Applied Physics, vol. 85, no. 8, pp. 5432–
5434, 1999.
[133] L. E. Reichl, A Modern Course in Statistical Physics. Adward Arnold
LTD, United Kingdom, 1980.
[134] N. A. Buznikov, A. S. Antonov, A. B. Granovsky, C. G. Kim, C. O.
Kim, X. P. Li, and S. S. Yoon, “Current distribution and giant magne-
toimpedance in composite wires with helical magnetic anisotropy,” Jour-
212
Bibliography
nal of Magnetism and Magnetic Materials, vol. 296, no. 2, pp. 77–88,
2006.
[135] V. Korenivski and R. B. van Dover, “Design of high frequency inductors
based on magnetic films,” IEEE Transactions on Magnetics, vol. 34, pp.
1375–7, 1998.
[136] D. Jiles, Introduction to magnetism and magnetic materials. CRC Press,
1998.
[137] H. Seet, X. Li, Z. Zhao, L. Wong, H. Zheng, and K. Lee, “Current density
effect on magnetic properties of nanocrystalline electroplated Ni80Fe20/Cu
composite wires,” Journal of Magnetism and Magnetic Materials, vol. 302,
no. 1, pp. 113 – 17, 2006.
[138] G. Herzer, “Grain size dependence of coercivity and permeability in
nanocrystalline ferromagnets,” IEEE Transactions on Magnetics, vol. 26,
no. 5, pp. 1397–1402, 1990.
[139] N. Usov, A. Antonov, and A. Granovsky, “Theory of giant magneto-
impedance effect in composite amorphous wire,” Journal of Magnetism
and Magnetic Materials, vol. 171, no. 1-2, pp. 64–68, 1997.
[140] A. Fessant, J. Gieraltowski, J. Loaec, H. Le Gall, and A. Rakii, “Influence
of in-plane anisotropy and eddy currents on the frequency spectra of the
complex permeability of amorphous CoZr thin films,” IEEE Transactions
on Magnetics, vol. 29, no. 1, pp. 82–87, 1993.
213
Bibliography
[141] N. Feninche, A. Chaze, and C. Coddet, “Effect of pH and current density
on the magnetic properties of electrodeposited Co-Ni-P alloys,” Surface
and coating Technology, vol. 88, pp. 264 – 268, 1996.
[142] V. C. Kieling, “Parameters influencing the electrodeposition of Ni-Fe al-
loys,” Surface and coating Technology, vol. 96, pp. 135 – 139, 1997.
[143] A. Brenner, Electrodeposition of Alloys, Principles and Practice Vol.1 and
2. Academic Press Inc. London, 1963.
[144] S. Hadian and D. Gabe, “Residual stresses in electrodeposits of nickel
and nickel-iron alloys,” Surface and Coatings Technology, vol. 122, p. 118,
1999.
[145] T. Fahidy, “Characteristics of surfaces produced via magnetoelectrolytic
deposition,” Progress in Surface Science, vol. 68, no. 4-6, pp. 155–188,
2001.
[146] A. Chiba, K. Kitamura, and T. Ogawa, “Magnetic field effects on the elec-
trodeposition of nickel from a high pH watt’s bath,” Surface and Coatings
Technology, vol. 27, no. 1, pp. 83 – 88, 1986.
[147] J. Shannon, Z. Gu, and T. Fahidy, “Surface morphology of cathodic nickel
deposits produced via magnetoelectrolysis,” Journal of the Electrochemi-
cal Society, vol. 144, no. 12, pp. L314–L316, 1997.
[148] S. Bodea, L. Vignon, R. Ballou, and P. Molho, “Electrochemical growth of
214
Bibliography
iron arborescences under in-plane magnetic field: Morphology symmetry
breaking,” Physical Review Letters, vol. 83, no. 13, pp. 2612–2615, 1999.
[149] H. Matsushima, T. Nohira, I. Mogi, and Y. Ito, “Effects of magnetic fields
on iron electrodeposition,” Surface and Coatings Technology, vol. 179, no.
2-3, pp. 245–251, 2004.
[150] K. Msellak, J. P. Chopart, O. Jbara, O. Aaboubi, and J. Amblard, “Mag-
netic field effects on Ni-Fe alloys codeposition,” Journal of Magnetism and
Magnetic Materials, vol. 281, no. 2-3, pp. 295 – 304, 2004.
[151] N. Ning, X. P. Li, J. Fan, W. C. Ng, Y. P. Xu, X. Qian, and H. L. Seet,
“A tunable magnetic inductor,” IEEE Transactions on Magnetics, vol. 42,
no. 5, pp. 1585–90, 2006.
[152] M. Ong, Study and Optimization of Post-Heat Treatment Process of
Ni80Fe20/Cu, Bachelor’s thesis. Department of Mechanical Engineering,
National University of Singapore, Singapore, 2007.
[153] M. Hecker, D. Tietjen, H. Wendrock, C. Schneider, N. Cramer, L. Malkin-
ski, R. Cramley, and Z. Celinski, “Annealing effects and degradation
mechanism of NiFe/Cu GMR multilayers,” Journal of Magnetism and
Magnetic Materials, vol. 247, pp. 62–69, 2002.
[154] F. Ebrahimi and H. Li, “Grain growth in electrodeposited nanocrystalline
fcc Ni-Fe alloys,” Scropta Materialia, vol. 55, pp. 263 – 266, 2006.
215
Bibliography
[155] A. Gromov and V. Korenivski, “Electromagnetic analysis of layered mag-
netic/conductor structures,” Journal of Physics D (Applied Physics),
vol. 33, no. 7, pp. 773–8, 2000.
[156] J. Barandiaran, A. Garcia-Arribas, J. Munoz, and g. Kurlyandskaya, “In-
fluence of magnetization processes and device geometry on the GMI ef-
fect,” IEEE Transactions on Magnetics, vol. 38, no. 5I, pp. 3051 – 3056,
2002.
[157] N. Buznikov, A. Antonov, A. Granovsky, C. Kim, C. Kim, X. Li, and
S. Yoon, “Giant magnetoimpedance in composite wires with insulator
layer between non-magnetic core and soft magnetic shell,” Journal of
Magnetism and Magnetic Materials, vol. 300, no. 1, pp. e63 – e66, 2006.
[158] T. Morikawa, Y. Nishibe, H. Yamadera, Y. Nonomura, M. Takeuchi,
J. Sakata, and Y. Taga, “Enhancement of giant magneto-impedance in
layered film by insulator separation,” IEEE Transactions on Magnetics,
vol. 32, no. 5, pp. 4965 – 7, 1996.
[159] G. Kurlyandskaya, J. Munoz, J. Barandiaran, A. Garcia-Arribas,
A. Svalov, and V. Vas’kovskiy, “Magnetoimpedance of sandwiched films:
experimental results and numerical calculations,” Journal of Magnetism
and Magnetic Materials, vol. 242-245, pp. 291 – 3, 2002.
[160] Q. Zhang, Q. Mao, J. Ruan, Q. Wang, X. Yang, and Z. Zhao, “Gi-
ant magneto-impedance effect of magnetron sputtered Ni80Fe20/SiO2/Cu
216
Bibliography
composite wires,” Journal of Magnetism and Magnetic Materials, vol. 320,
no. 19, pp. 2319 – 2321, 2008.
[161] K. Pirota, M. Hernandez-Velez, D. Navas, A. Zhukov, and M. Vazquez,
“Multilayer microwires: Tailoring magnetic behavior by sputtering and
electroplating,” Advanced Functional Materials, vol. 14, no. 3, pp. 266 –
268, 2004.
217
